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This thesis concerns materials for polymer actuators and mechanical 
sensors.  Polymer actuators are a class of artificial muscle with promising 
actuation performance; however, they are currently limited by the materials 
used in their fabrication.  The metal-foil type mechanical strain gauges are 
commercially available and well understood; however, typically have gauge 
factors less than 5.5 [1], cannot be patterned into custom shapes, and only 
monitor small areas.  New materials provide opportunities to improve the 
performance of both polymer actuators and mechanical sensors.  The aim of 
this research was to develop, characterize, and implement such materials.  
Specifically, this thesis describes novel composites of exfoliated graphite 
(EG) blended with elastomeric hosts.  The mechanical and electrical 
properties of these composites were tailored for two specific applications by 
  
modifying the EG loading and the elastomer host:  compliant electrodes and 
strain gauges.  
 
Compliant electrodes were demonstrated that had ultimate tensile strains 
greater than 300% and that could withstand more than 106 strain cycles.  
Composites fabricated with polydimethylsiloxane (PDMS) exhibited 
conductivities up to 0.2 S/cm, and having tangent moduli less than 1.4 MPa.  
This modulus is the lowest reported for loaded elastomers above the 
percolation threshold.   
 
Conductivity was increased to more than 12.5 S/cm by fabricating 
composites with polyisoprene (latex) elastomers, and the tangent moduli 
remained less than 5 MPa.  Actuation strains of polymer actuators were 
increased 3 fold using the composites as electrodes, compared to using 
carbon-grease electrodes.  This was due to the composites ability to be spin-
coated with thin insulating layers of PDMS, allowing 30% higher electric 
fields to be applied.   
 
Strain gauges fabricated with these composites exhibited gauge factors 
(GFs) > 27,000, to the authors knowledge this is the highest GF ever 
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Chapter 1: Motivation and background 
 
Combining two or more materials to form a composite may yield properties that are 
unique from those of the individual constituents.  Composites have many advanced 
applications, ranging from non-stick coatings protecting medical devices from bacteria [2] 
to race-car parts having ultra high strength to weight ratios [3].  This thesis examines how 
elastomer composites can be engineered to provide improved performance in polymer 
actuators and mechanical sensors.  
 
1.1 Introduction 
Mechanical sensors and polymer actuators are electromechanical transducers that convert 
mechanical or electrical inputs into electrical or mechanical outputs, respectively.  The 
aim of this research was to develop, characterize, and implement novel composites for 
improved performance of polymer actuators, tactile sensors, and strain gauges.  This 
thesis is organized into chapters discussing the steps taken to complete the objectives of 
this research. 
 
• Chapter 1 of this thesis provides a review of the literature and background 
information for DEAs, as well as some general information on dielectrics, 
compliant electrodes, and sensors (further information on these subjects is 





• The dielectric, mechanical, and actuation performances of DEAs fabricated with 
three commonly used elastomers are compared in Chapter 2.  
• Chapter 3 presents the processing and fabrication of a new compliant electrode 
material intended for applications such as DEAs.  
• Chapter 4 discusses the implementation of the compliant electrode material in o 
DEAs and determines their effectiveness as a replacement for carbon grease.  
• Chapter 5 examines applications of the compliant electrode material as tactile 
sensors and strain gauges.  
 
Chapters 1-3 and 5 are followed by an appendix, providing addition information. 
 
1.2 Background 
This section provides basic information about the polymer actuators in this research, 
specifically dielectric elastomer actuators (DEAs), their reportd actuation performance, 
and the main issues limiting their application.  Elastomer materials, device forms, and 
experimental techniques used by researchers in the field are also presented. 
 
1.3 Dielectric elastomer actuators 
1.3.1 What are dielectric elastomer actuators? 
Dielectric elastomer actuators (DEAs) are electromechanical transducers consisting of an 





field is applied to the compliant electrodes, electrostatic forces are gen rated that 




Figure 1.  Schematic illustration of a typical dielectric elastomer actuator. 
 
 
DEAs have received much interest and research since their inception nearly a decade ago 
by the Pelrine and Carpi group.  At first, DEA research focused on device configurations.  
More recently, the focus has shifted towards investigating material properties to improve 
actuation performance.  
 
The electrostatic pressure generated by DEAs is proportional to the squar of the electric 
field.  The electrostatic pressure, commonly known as Maxwell stress, is written as [4]: 
Eq. 1  Pel = ½ ε ε0 E
2 =  ½ ε ε0 (V/t)
2, 
where Pel is the electrostatic pressure, ε is the dielectric constant of the elastomer, ε0 is the 
vacuum permittivity (8.854 x10-12 F/m), E is the electric field, V is the voltage, and t is 
the elastomer thickness.  In the literature, the ½ in Eq. 1 is commonly neglected due to an 
assumed expansion in electrode area caused by like charge repulsion [5]; h wever, this has 





maintain the ½ in the Maxwell stress equation.  Actuation pressure is related to ctuation 
strain for unconstrained DEAs through the Young’s modulus Y of the dielectric elastomer 
[6, 7]: 
Eq. 2  sz = -pz / Y, and 
Eq. 3  sx = sy = - υ sz. 
where sx, sy, and sz are the x-, y-, and z-direction strains, and υ is the Poisson’s ratio of the 
elastomer.  Combining Eq. 1 - Eq. 3 provides an equation for the x-dir ction strain: 
Eq. 4  sx = ((½ ε ε0 E
2) / Y) υ. 
DEAs have been reported with actuation strains up to 300% [8], stresses of up to 7 MPa 
[9], and estimated energy densities of over 3 J/g [9].  Demonstrated applications include 
artificial muscles for robotics [10], tunable optics [11], loudspeakers [12], and tactile sensors 
for Braille displays [13].  Figure 2 illustrates some examples of DEAs functioning in 
robotics applications.  The reported actuation performance metrics have attrcted much 
attention over the past decade as potential replacements or substitutes for DC electric 
motors, piezoelectric transducers, and shape memory alloys. 
 
Figure 2. DEA applications in a) a walking robot fabricated by Pelrine et al. [14], b) 
an inchworm fabricated by the Sungkyunkwan University [15], and c) a blimp 






1.3.2 Device types 
DEAs are fabricated in a variety of shapes and forms, some of which are illustrated in 
Figure 3.  In the literature, the primary DEA device forms are stretched film and free 
film, comprising more than 50% of all DEAs [5].  Free-film DEAs (Figure 3a) consist of a 
DEA with one end fixed and the other end free to strain.  Free film DEAs do not require 
rigid frames and can be attached to external loads directly, allowing work to be achieved 
without the use of additional linkages and attachments.  Stretched Film DEAs (Figure 3b) 
use rigid frames to support pre-straining of the device.  Diaphragm and membrane DEAs 
(Figure 3c) are pre-strained elastomers fixed to a rigid frame, similar to the stretched film 
DEAs.  These forms do not strain in the x-direction like free or stretched films; rather, 
they bend or buckle out of plane.  Multi-part DEAs (Figure 3d) consist of a stretched film 
DEA attached to mechanical linkages, such as the scissor-jack mechanism.  Multi-part 
DEAs can be used to amplify either the force or the stroke produced by a DEA. 
 
Free films produce movement without frames, mechanical linkages, or transmissions.  
Free films have been demonstrated having actuation strains of up to 20% strain [17], which 
was achieved using a silicone elastomer (Sylgard 182) under an electric fild of 50 V/um.  
Mechanical linkages can amplify actuation strain or force.  Plante et al. [18] fabricated a 
scissor-jack type frame with acrylic DEAs pre-strained between the linkages that 
achieved 150% strain.  The actuation strain reported was not the strain exhibited by the 






Tube DEAs comprise only 5% of the DEA research [5] but are a promising device form.  
These devices are either single elastomer tubes [19] or stacked DEAs rolled together [20].   
 
Figure 3.  DEA device forms.       
 
1.3.3 Fabrication and actuation 
DEAs are fabricated by applying the compliant electrode to a cured elastomer.  The most 
common compliant electrode is carbon grease [5].  Carbon grease electrodes are typically 
smeared over a stencil, and the stencil is removed leaving the desired pattern.  Wires are 
then placed into the grease for connections to high voltage equipment.  For tube DEAs, 
the carbon grease is forced into the center of the tube and also coated onto the surface of 
the tube to form the DEA.  The dielectric materials used are either 1) pre-cured films, 
sheets or tapes, or 2) un-cured liquids that can be cast, spin coated, or otherwise 
processed and cured by solvent evaporation or vulcanization into solid elastomers. A 
major drawback for DEAs is the high voltages required for actuation, which often exc ed 





1.3.4 Compliant electrodes 
A major problem with DEAs is the lack of an ideal compliant electrode.  For DEAs to 
achieve the largest actuation strains possible, the compliant electrode must have a low 
Young’s modulus (or tangent modulus [21] above stresses where Hook’s law is invalid) so 
they do not impede actuation.  It would also be beneficial for compliant electrodes if th y 
were easily fabricated without requiring specialized equipment and if they could be 
patterned.  A variety of materials and fabrication methods have been implemented, some 
of which are shown in Figure 4.   
 
Figure 4. Compliant electrodes made from a) carbon grease, b) patterned metals [22], 
c) ion implantation [23], d) elastomer composites with carbon filler particles [24].      
 
 
Carbon grease is the most common electrode material because it is electrically 
conductive, is easy to apply, and has a low stiffness.  The disadvantages of carbon grease 
are that it smears and rubs off, patterns distort when actuated, and dries out over time.  
One alternative is patterned metals.  Patterned metals have much higher conductivity than 
carbon grease (106 S/cm vs. 10-1 S/cm) and can be applied to polymer and elastomer 
surfaces in intricate patterns; however, patterned metal electrodes, such as the serpentine 
patterns shown in Figure 4b, bend out of plane when stretched.  The out-of-plane 
displacement results in a decrease in the stiffness by as much as 103 compared to the bulk 





reduce the stiffness of the patterned metal electrodes may restrict DEAs from being 
fabricated into stacks or multi-layered systems. 
 
Ion implanted electrodes are an excellent alternative to carbon grease because they 
provide electrical conductivity while maintaining the mechanical properties of the host 
elastomers [23].  In this method, metal ions are generated under a high electric field and 
accelerated into a target surface.  There are two problems with ion implantation:  1) 
specialized equipment is required, and 2) carbonization, chain scission and increased 
surface roughness occur due to damage created by the dissipation of the incoming ion 
energy [23].   
 
Perhaps the most promising alternative compliant electrode materials are elastomer 
composites.  In this method, elastomers are blended with conductive filler particles above 
the percolation threshold to impart electrical conductivity [25]. Maintaining the 
mechanical properties of the host elastomers remains an issue.  Such materials have many 
additional applications including anti-static coatings [26] and flexible electronics [27].   
 
1.4 Literature review 
The following section provides an overview of DEA performance reported in the 
literature.  When possible, actuation strains and forces have been normalized to the 
electric field and data were arranged by device form and elastomer mat ial (silicone, 





from group to group will become evident, justifying the need for the DEA comparison 
provided in Chapter 2.  
 
1.4.1 Actuation strain 
To effectively determine which DEA elastomers and configurations (as published in 
literature) have the best performance, it is necessary to level the playing field.  For this, 
actuation strains have been arranged in terms of their device type (stretched-film, roll, 
multi-part, free film, tube, fold/stack, and other) in Figure 5a and by elastomer type 
(acrylic, silicone, and other) in Figure 6a.  The actuation strain data were taken from [8, 9, 
17-19, 28-71].  Actuation strains are plotted per unit electric field in Figure 5b and Figure 6b 
by dividing the actuation strain values by the square root of the reported electric fi ld 








Figure 5.  a) Actuation strain as a function of device form, b) actuation strain/√E as 
a function of device form.  Circles represent acrylic elastomers, diamonds represent 




Figure 6.  a) Actuation strain as a function of elastomer type, b) actuation strain/√E 
as a function of elastomer type.  Circles represent acrylics, diamonds repr sent 







The average out-of-plane (z-direction, Figure 3) actuation strains achieved by DEAs 
fabricated with acrylic, silicone, and other elastomers are 52.3%, 16.7%, and 6.3% 
respectively.  The average in-plane (x and y-directions, Figure 3) actuation strains 
achieved by DEAs fabricated with acrylic, silicone, and other elastomers ar  13.3%, 
5.9%, and 4.3% respectively.  These values correspond well with those measured in 
Chapter 2.   
 
DEAs are tested under a wide range of experimental parameters, including the applied 
electric field.  As shown in Figure 5b and Figure 6b, when the actuation strains a e 
divided by the square root of the reported electric fields, the average in-plane actuation 
strain achieved by DEAs fabricated with acrylic, silicone, and other elastomers are 8.3% 
(only 0.7% when the two outliers discussed above are omitted), 1.9%, and 0.6% per unit 
electric field, respectively.  These results signify that, excluding the two outliers, silicone 
provides the greatest actuation strain per unit electric field.  
 
1.4.2 Actuation stress 
Actuation stress is another important metric used to characterize DEA performance.  In 
the analysis below, only data in which DEAs were actuated with attached loads were 
considered.  Stress is defined as the ratio of the applied force and cross-sectional area of 
the DEAs.  Work is defined as the product of the applied force and the distance it moved 






1.4.3 Blocking force 
Blocked force is an applied force at which a DEA can no longer produce actuation stra n. 
For example, imagine a stretched frame DEA with a weight hanging from the cent r of 
the active area.  When the weight is increased, there will come a point where the actuator 
will not be able to lift the weight.  Free strain is the actuation strain with no applied load.  
Free strain and blocked force make up the two extremes of a load curve. 
 
1.4.4 Load curves 
Load curves, which are used to characterize actuator performance, plot actuation str in as 
a function of applied force.  Load curves convey a great deal of information including 
free strain (zero force), blocked force (zero strain), and work (area under the curve).  







Figure 7. Actuation strain as a function of force for a) silicone tube DEA [33], b)  
silicone membrane DEA [72], c) silicone membrane DEA with a 3 mm diameter [73], 
d) silicone membrane DEA with a 2 mm diameter [73], e) silicone multipart DEA by 
Danfoss [71], f) urethane tube DEA [33], g) acrylic fold/stack DEA [74], and h) acrylic 
multi-part DEA [75].        
 
 
Ideally, units of stress are preferred to units of force since stress is independent of sample 
geometry; however, the majority of publications that present results in units of force do 





stresses (Figure 8a) and forces (Figure 8b) are plotted as a function of elast m r type.  
When the electric field was provided, the actuation stress and force was divided by th  
square root of the electric field to allow for direct comparison.  Figure 8 and Figure 9 
portray the same data from four different perspectives.  Only data with the necessary 
information for the conversion from force to stress were plotted.  Table 1 in the Appendix 
for this chapter lists the references for the data in Figure 8 and Figure 9, elastomer, initial 
elastomer thickness, actuator dimensions, pre-strains, elastomer thickness after pre-strain, 
in-plane or out-of-plane strain, and the applied voltage or electric field.   
 
Figure 8. a) stress as a function of DEA elastomer type, b) force as a function f 







Figure 9. a) stress divided by the square root of the applied electric field as a 
function of  DEA elastomer type, b) force divided by the square root of the applied 
electric field as a function of DEA elastomer type.   
 
 
1.5 Mechanical sensors 
Sensors provide feedback on environmental and other dynamic parameters, and are used 
for applications ranging from airbag deployment [76] to robotics [77].  There are many 
types of sensors, including optical [78], chemical [79], and mechanical [80].  In this thesis, 
mechanical sensors are investigated for the detection of strain and pressure.   
 
Some limitations of commercial sensors include small monitoring areas (i. . train gauges 
are generally < 50 mm2 [81]), lengthy installation [81], and single parameter sensing (i.e. 
strain or pressure).  In addition, some applications impose multiple requirements on 
sensors.  For example, devices like micro-air vehicles (MAVs) may require m lti-





current solution would be to install multiple single-parameter sensors to meet each of the 
requirements.  Having a multiple-parameter sensor would reduce weight and system 
complexity.  Further, irregular shaped and low stiffness sensors may be requir d because 
of the small size of the MAV and the potential of the sensing device impeding the 
deformation being monitored (i.e. wing displacements).  Therefore, it will be beneficial to 
have a light weight, multi-parameter, patternable sensor with a low stiffness to reduce 
weight and system complexity. 
 
1.6 Summary 
DEAs are light weight, soft actuators capable of producing large actuation strai s.  DEAs 
are potential substitutes for DC electric motors, piezoelectric transducer , and shape 
memory alloys; however, several challenges need to be overcome for DEAs to reach 
widespread use in consumer products.  One of the most important is the development of a 
compliant electrode material suitable for all elastomers and within reach of all 
researchers.  Composite materials are one potential solution. 
 
1.7 Aims 
The objective of this research was to advance the fields of mechanical sensors and 
polymer actuators by developing and implementing new composite materials.  The 
disparate data outlined in the above chapter shows a need for a direct comparison of DEA 
materials and actuation performance, which is provided in Chapter 2.  For the field of 





Advancements in the field of sensors are also possible through new materials with multi-
functionality (i.e. the same material capable of being applied as a strain gauge or as a 
temperature sensor.  Control sensors would be required to remove undesired sensing 
modes if more than one are present simultaneously.) that simplify installation wh le 
maintaining or exceeding current performance.  The environmental factors affecting the 
electrical properties of such materials are provided in Chapter 5.   
 
 
1.8 Chapter 1 Appendix 














































































[60] 1.00 free film 19 N.A. N.A. 27 0.0053 
[41] 0.05 free film 20 0.043 N.A. 38 0.0292 
[41] 0.05 free film 20 0.043 N.A. 21 0.0295 
[41] 0.05 free film 20 0.046 N.A. 37 0.0429 
[41] 0.05 free film 20 0.040 N.A. 49 0.049 
[30] 0.50 roll 117 0.086 3000 34.8 0.1356 
[82] N.A. stretched  60 N.A. N.A. 102 0.4 
[83] 0.45 stretched  N.A. N.A. N.A. 24 0.0058 
[84] 0.08 tube N.A. N.A. N.A. 30 0.025 
[71] 0.08 free film 200 N.A. 2500 N.A. 
0.625 
[60] 1.00 free film 19 N.A. N.A. 27 0.0037 
[85] N.A. stretched  190 N.A. 4000 N.A. N.A. 
[86] 1.50 stretched  N.A. N.A. 10000 N.A. 
N.A. 






[88] 0.10 stretched  N.A. N.A. 5500 N.A. N.A. 
[89] 1.50 stretched  N.A. N.A. 9400 N.A. N.A. 
[90] 1.00 stretched  200 N.A. 5400 N.A. N.A. 
[57] 1.00 multi-part N.A. N.A. 3400 N.A. N.A. 
[19] N.A. tube N.A. N.A. 1420 N.A. N.A. 
[91] N.A. roll N.A. N.A. 2500 N.A. N.A. 
[71] N.A. free film N.A. N.A. 2500 N.A. 0.625 
[71] N.A. free film N.A. N.A. 2500 N.A. 0.025 





1.9 Co-author contributions 
Chapters 3 and 4 are reprints of published papers, and chapters 2 and 5 are modifications 
of drafts of journal papers that will be submitted.  Therefore, they have additional authors 
who were responsible for parts of the research.  This section outlines their contributions. 
 
1.9.1 Chapter 2 
B. Balakrishna, J. D. Pearse, and myself contributed equally to the data collection and 
analysis, and all three of us contributed text to the manuscript draft.  For this chapter, I 
have re-written their text so that it is entirely in my own words. 
 
1.9.2 Chapter 3 
J. D.  Pearse assisted with sample fabrication and conductivity measurements.  I 
performed the data analysis and wrote the paper. 
 
1.9.3 Chapter 4 
J. D.  Pearse assisted with sample fabrication, modulus measurements, and conductivity 
measurements.  I performed the data analysis and wrote the paper. 
 
1.9.4 Chapter 5 
K. Miller assisted with sample fabrication and temperature-resistance measurements.  T. 
Neumann fabricated the tactile sensors and performed the experiments in section 5.5.1.  





commercial strain gauges and the force sensor in section 5.5.2.  I performed the data 
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A variety of elastomers have been used as the dielectric layer in dielectric elastomer 
actuators (DEAs).  However, the performance of DEAs varies substantially depending on 
the experimental conditions, making the evaluation and selection of elastomers fr a 
particular application challenging.  In this paper, the mechanical and electrical properties 
(tangent moduli, dielectric constants, and creep under load) of three elastomers – PDMS, 
TC-5005, and VHB-4905 – are compared under similiar conditions.  DEAs fabricated 
with these elastomers are next evaluated in terms of actuation strain and frequency 
response.   
 
2.2 Introduction 
Dielectric elastomer actuators (DEAs) are electro-mechanical transducers capable of 
producing actuation strains of greater than 100% [9].  As recently reviewed [92], DEAs 





DEA consists of an electrically insulating elastomer sandwiched between t o compliant 
electrodes.  When an electric field is applied to the electrodes, they are attr cted together 
by Coulomb forces, producing a contraction in the z-direction (Figure 10) and expansions 
in the x and y-directions. 
 
Three commonly used elastomers for DEAs are polydimethylsiloxane (PDMS, a 
silicone), TC-5005 (another silicone), and VHB-4905 (an acrylic).  However, a thorough 
comparative study of the actuation performance and the mechanical and electrical 
properties of the elastomers has not yet been conducted, although power consumption 
and hysteresis have been evaluated [93]. A direct comparison using literature data is 
difficult because dissimilar experimental conditions have been employed, such as device 
form factor, extent of pre-strain, and applied electric field.   
 
In this paper the tangent moduli, creep strain under load, and dielectric constants of these
three elastomers are measured under similar conditions, as well as their actuat on 
performance in free-film DEAs as a function of electric field strength and frequency.  We 
show that TC-5005 and VHB-4905 elastomers more than doubled in length within 2 hrs 
of applying a small pre-stress of 75 kPa.  Free-film DEAs produced with TC-5005 gave 
the greatest actuation strains (> 4%) and mechanical energy densities (0.3 J/kg at 27.5 
V/µm).  Recommendations for potential DEA applications are provided based on the 







2.3.1 Elastomer preparation 
As noted above, PDMS (Sylgard 184, Dow Corning) and TC-5005 (BJB Enterprises) are 
silicones, and VHB-4905 (3M) is an acrylic.  The VHB-4905 is commercially available 
in the form of a tape 12.5 mm wide and 500 µm thick.  PDMS and TC-5005 are prepared 
by combining a pre-polymer and curing agent. 
 
Sylgard 184 pre-polymer and curing agent were mixed at a 10:1 weight ratio and 
vacuum-desiccated for 30 min to remove air bubbles.  To form films, the mixture was 
spin-coated onto 75 mm x 50 mm x 1.2 mm glass microscope slides at 1000 rpm for 60 
sec, followed by vacuum-desiccation for 5 min and baking on a hotplate at 95 °C for 5 
min.  A second identical coat was applied, followed by degassing for 5 min and baking at 
95 °C overnight.  Forming the PDMS elastomers in two layers helped minimize air 
bubble formation.  The PDMS films were 127 ±21 µm thick as measured using a surface 
profiler (Dektak3 ST).  These samples were kept thin to allow them to reach comparable 
strains under load as the other elastomers, which were softer. 
 
TC-5005 elastomers were also prepared by mixing a 10:1 weight ratio of resin and curing 
agent.  TC-5005 was not spin coated because it will not cure in thin films in the presence 
of oxygen.  Instead, TC-5005 was vacuum-desiccated for 30 min to remove air bubbles, 





samples were 830 ±40 µm thick as measured with a handheld micrometer (L.S. Starrett 
Co., No. 120AM).   
 
All three elastomers were cut into 50 mm long, 12.5 mm wide strips.  One end of each 
strip was glued onto a glass microscope slide, and the other end was glued onto a 15 mm 
x 15 mm piece of a polyester (modulus > 2 GPa [94]) transparency sheet (3M) using a 
photo-curable adhesive (Loctite 3108), leaving a 25 mm long, 12.5 mm wide section in 
the center that was free to stretch (Figure 10).   
 
2.3.2 DEA fabrication and electrical connection 
The experimental setup is shown in Figure 10.  Carbon grease (MG Chemicals) was 
applied manually to a thickness of approximately 1 mm to form the electrodes for the
DEAs.  The active area of the DEA, i.e. the area, A, between electrodes on both the top 
and bottom of the film, was held constant at 40 mm2.  Stencils 20 ±2 mm long and 2 ±0.2 
mm wide were used to pattern the carbon grease electrodes.  Carbon grease was applied 
using a spatula over the stencil, and then the stencil was removed.  Top and bottom 
electrode stencils were aligned by eye.  Electrical connections to the grease were made 
using 5 cm long, 2 mm wide strips of Al foil that were gently pressed onto the grease 
electrode on one end and connected to a high voltage power supply (UltraVolt, Inc.) on 







Figure 10.  Device configuration and experimental setup.    
 
2.3.3 Mechanical measurements 
A force/strain transducer (Aurora Scientific Inc., model 3000LR) was used to apply nd 
measure forces and displacements, which were then converted to stress and strain using 
the measured elastomer dimensions and transducer arm displacements.  Elastomers and 
DEAs were suspended vertically by clamping the glass slides above the transducer.  The 
transparency sheets were connected to the transducer arm using silk suture thread d 
through small holes in the transparency and transducer arm.  A 2 gram force 
(corresponding to 6.2 kPa for PDMS, 0.94 kPa for TC-5005, and 1.6 kPa for VHB-4905) 
was applied by the transducer to hold the elastomer or DEA samples straight at the st rt 





2.4 Results and discussion 
2.4.1 Tangent modulus 
For small strains (< 20%) and assuming constant volume (Poisson’s ratio υ = 0.5), the 
out-of-plane (i.e. in the z-direction) actuation stress σz (or pressure pz) in a DEA is 
commonly modeled as the Maxwell stress, written as [4]: 
Eq. 5  Pel = ½ ε ε0 E
2 =  ½ ε ε0 (V/d)
2, 
where εr is the relative dielectric constant, ε0 is the permittivity of free space, E is the 
applied electric field, Sz is the strain in the z-direction, Y is the Young’s modulus of the 
elastomer, V is the applied voltage and d is the thickness.  While stress is directly 
proportional to the Young’s modulus, rearranging shows that the strain is inversely 
proportional to the modulus: 







ε ε  = −   
  
, 
The Young’s modulus is the slope of the stress-strain curve of the elastomers in the range 
of strain for which Hook’s law is valid (< 1%) and represents the elastomer stiffne s.  For 
larger strains (> 1%), Hook’s law is no longer valid, and the slope of the stress-strain 
curve is defined as the tangent modulus [21]. While the tangent moduli of the three 
elastomers have previously been reported [43, 95-99], the moduli can vary with preparation 
conditions [100] and so needed to be determined for our samples.  The force/strain 
transducer applied increasing displacements to the elastomers at a rate of 0.1 mm/sec 





stress-strain curve at 5% strain (the observed actuation strain region).  A minimum of 
three films of each elastomer were tested, and typical curves are shown in Figure 11.    
 
Figure 11.  Stress as a function of strain for the three elastomers, measured at a 
strain rate of 0.1 mm/s.    
 
 
PDMS, with a modulus of 1.06 ±0.02 MPa, was an order of magnitude stiffer than TC-
5005 (0.103 ±0.004 MPa) and VHB-4905 (0.165 ±0.002 MPa).  These moduli compare 
with previously reported values of 0.75 - 2.6 MPa for PDMS [95, 96], 0.062 - 0.095 MPa 
for TC-5005 [43, 97], and 0.182 - 0.8 MPa for VHB-4905 [98, 99] .  As shown in the inset in 
Figure 11, the modulus of PDMS consistently showed a knee at 1% strain, increasing 
from 0.48 MP to 1.06 MPa, whereas the moduli of TC-5005 and VHB-4905 were linear 
between 1 and 30% strain.  Depending on the strain range used for a particular 







Creep is the tendency of a solid material to keep deforming in response to a continuously 
applied stress [101].  In this report, total creep refers to the combination of creep 
(unrecoverable) and viscoelastic deformations (recoverable, also referred to elastic 
creep). Creep behavior for these elastomers have not previously been reported, but creep 
can pose potential problems for DEAs:  depending on the device configuration and 
application, creep could require continuous counteracting adjustment of the voltage and 
introduces memory effects that complicate actuation repeatability.   
 
Creep was determined using a modified version of the ASTM D945-06 testing procedure.  
A stress of 75 kPa was applied to the elastomer films and the resulting strai  was 
measured over 10 hrs (Figure 12).  For PDMS, the 75 kPa stress was sufficient to induce 
creep without exceeding the 10 mm stroke limitation of the force/strain transducer.  TC-
5005 and VHB-4905 elastomers stretched more than 10 mm, and the experiments were 
paused periodically in order to reposition the sample relative to the transducer arm.  
Creep recovery (the amount of strain recovered after removing the stress)was not 
investigated.  Future investigations should include removal of the applied stress to 







Figure 12.  Strain as a function of time for the three elastomers under an applied 
stress of 75 kPa.    
 
 
The total creep after 10 hrs was 2% for PDMS, but it was 185% for TC-5005 and 130% 
for VHB-4905.  For the latter two, total creep was rapid during the first hour; thereafter it 
slowed but continued.   For PDMS, the creep slowed after 5 min.  Creep rates after 6 
hours were 0.08%, 4.5%, and 1.3% /hr, respectively.   
 
2.4.3 Actuation strain as a function of electric field 
Strain, stress, and speed are the most important actuator metrics, the product of the first 
two determining work and the product of all three determining power.  To measure strain 
as a function of electric field, the DEAs were placed under a small constant stress of 75 
kPa at T = 0.  Electric fields were applied in three sets of 30 sec on/off square waves





were tested.  Pre-stressed elastomer thicknesses were used to determine the electric field 
corresponding to each applied voltage.   
 
Under the increasing fields, the DEAs eventually failed.  To prevent shorting, and allow 
potential re-use of the actuators, electric fields were reduced to 90-95% of the field at 
which the ratio of the number of samples that failed to the number of samples that didn’t 
was > 30% (50, 27.5, and 32.5 V/µm for PDMS, TC-5005, and VHB-4905 DEAs, 
respectively).  Failure was accompanied by visible sparking around the sides of th  
elastomers, and not from dielectric breakdown in the electrode areas.  (TC-5005 and 
VHB-4905 DEAs stretched when the pre-stress was applied, reducing the distance from 
the electrode to the elastomer edge to < 2 mm, from initial edge distances of < 5 mm with 
zero pre-stress).  The sparks would burn the elastomer, ruining the DEAs (see Figur  13).  
 
Figure 13.  Schematic of the elongation that results when a mass is applied to the
free end of a free-film DEA.      
 
 
Creep strains were subtracted from the raw actuation strain data to give the reproducible 
actuation strain, as shown in Figure 14a.  The creep strain slopes were taken from Figure 
12 at the same time relative to the pre-stress being applied to the DEAs.  For example, the 





actuation strain measured 10 min after applying the 75 kPa pre-stress to a DEA.  Due to 
the lower tangent moduli, at 27.5 V/µm, actuation strains for DEAS made with TC-5005 
(4.0%) were ten-fold those for PDMS (0.3%) and three-fold those for VHB-4905 (1.3%) 
DEAs.   
 
Figure 14.  a) Actuation strain as a function of time for a TC-5005 DEA.  The raw 
data (dotted line), the corresponding creep strain (dashed line), and the corrected 
actuation strain (solid line) are shown.  b) Strain as a function of electric field for 
DEAs fabricated with the 3 elastomers.  The applied stress was 75 kPa and aver ges 
represent at least 3 samples.  The dashed lines are guides for the ey.     
 
2.4.4 Actuation response times 
Another way to examine speed is through the rise and fall (relaxation) times, defined as 
the times it takes for the actuator to reach 90% of its final positions.  For these 
measurements, the DEAs were pre-stressed at 75 kPa and actuated by applying a DC 
square wave as in section 2.4.5, using the same fields with on/off times of 30 sec (Figure 





the applied electric field:  0.3% for PDMS, 3.9% for TC-5005, and 1.2% for VHB-4905 
DEAs.  PDMS exhibited the shortest rise time tr and fall time tf :  0.8 and 18 sec, 
respectively.  This is consistent with the step response data in Figure 14, showing PDMS 
to be the fastest.  TC-5005 had tr = 9.4 sec and tf = 2.4 sec.  While the rise time was 10x 
longer, the fall time was shorter.  For VHB-4905, tr = 11.2 sec and tf > 80 sec, a 
comparable rise time to TC-5005, but a substantially longer fall time.   (Notethat unlike 
the PDMS and VHB DEAs, the rise time was longer than the fall time for TC-5005 
DEAs.  The reason for this is unclear, and requires further investigation).  The discharge 
time of the high voltage power supply may be affecting the response of the DEAs at 
higher frequencies, and is currently being investigated. 
 
Figure 15.  a) Actuation strain as a function of time for a voltage step on/off.  Rise 






To provide some context for these numbers, they were compared to the electrical time 
constants, since DEAs are elastomeric capacitors.  The RC time constants τ were 
estimated from the measured resistance of the carbon grease electrodes, obtained with a 
two-point probe, and the electrical leads (10 Ω) and the measured capacitance of the 
DEAs (obtained using the relation C = 1/(2πfZ” ) [102] where Z”  is the imaginary part of 
the impedance) at 100 Hz and 0 kPa pre-stress.  The electrical time constants are 11 
orders of magnitude smaller than the mechanical ones, showing that the mechanical 
relaxation is the rate-limiting process, and not capacitor charging.  Mechanical time 
constants between 1 ms and 500 ms have been reported by Rosset et al. [73, 103] for PDMS 
diaphragm DEAs.  The mechanical response times are believed to be dominated by 
viscoelasticity and polymer chain relaxation [103, 104].   
 
2.4.5 Actuation strain as a function of frequency 
While DEAs have been described as operating up to kHz rates [63, 103, 105, 106], only a few 
curves showing strain versus frequency have been published [75, 103, 105-107].  The DEAs 
were therefore pre-stressed at 75 kPa and actuated by applying square waves at 90 - 95% 
of the maximum for each material (47.5 V/µm for PDMS, 25.0 V/µm for TC-5005, and 
27.5 V/µm for VHB-4905 DEAs) between 0.1 and 10 Hz (Figure 16a-c).  These values 
gave the maximum strains achievable without significant risk of device failure, and it was 
assumed that the frequency response was not significantly affected by the field strength.  
(The actuation strains in Figure 16 are lower than those in Figure 14 because the electric 
fields were lower.)  The actuation strains, normalized to those at 0.1 Hz, are shown in 





0.6%, 1.9%, and 0.9%, respectively.)  It is possible that pre-straining the VHB and TC-
5005 material may improve their rise and relaxation times, which is evident from their 
applications as loudspeakers [12, 108].     
 
Figure 16.  Actuation strain as a function of frequency for a) PDMS DEAs at 47.5 
V/µm, b) TC-5005 DEAs at 25.0 V/µm, and c) VHB-4905 DEAs DEAs at 27.5 V/µm.  
d) Gain as a function of frequency; solid lines show the best fit roll-off rates.     
 
 
The cut-off frequency fc is defined as the frequency at which an input signal is attenuated 
by half (-3 dB, where the decibel value is given by 20logM, which is equivalent to the 
magnitude being reduced to 0.707), and the roll-off gives the rate at which the response 
decays with frequency above fc 
[109].  The frequency dependences of the strains are shown 
in Figure 16, and the cut-off frequencies and roll-offs are given in Table 2.  PDMS and 
TC-5005 had similar fc, operating at > 1 Hz with a < 25% reduction in actuation strain.  





attenuation with increasing frequency, and making it the most suitable for high frequency 
applications.  VHB-4905 exhibited the largest attenuation rate with frequency (-8.8 
dB/decade). 
Table 2.  Cutoff frequencies and roll-off rates for the three types of DEA.  (There 









PDMS 1.5 -5.3  -5.3 [106] 
TC-5005 1.1 -7.7 no reports 
VHB-
4905 
0.4 -8.8  
(46% uniaxial pre-
strain) 
-10.4 (35% uniaxial pre-
strain) [41] 




Strain as a function of frequency has previously been reported for PDMS and VHB 
DEAs.  Pimpin et al. [106] examined PDMS membrane DEAs, Carpi et al. [41] studied 
VHB free-film DEAs, and Loverich et al. [107] investigated VHB membrane DEAs.  From 
their plots, we obtained cut-off frequencies and roll-offs for their devices (Table 2).  Our 
results are close to those values.  Further analysis of VHB data presented by Carpi et al. 
[41] and Loverich et al. [107] indicated that roll-offs increase with pre-strain, reaching a first 
order response when the DEAs were biaxially pre-strained ≥ 300% [107].  Higher actuation 
frequencies may be achieved by exploiting resonance; resonant frequencies betw en 1 







Mechanical and dielectric properties, and electromechanical responses of DEAs, were 
investigated for three elastomers.  It is shown that pre-stresses of 75 kPa produced creep 
strains in all three elastomers, which were negligible for PDMS (< 2%), and quite large 
for TC-5005 and VHB-4905 (> 100%).  All three DEA types show potential for high-
strain responses at high electric fields; however, the responses exhibit significant 
frequency dependence, particularly for VHB-4905 DEAs. 
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2.7 Chapter 2 Appendix 
2.7.1 Experimental challenges 
There were many obstacles that needed to be overcome to conduct the experiments in this 
chapter.  Two of the main issues were sample sparking and equipment limitations.  
Sparking is an electrical discharge between electrodes.   
 
2.7.1.1 Sample sparking 
Samples failed by sparking from electrode to electrode around the edge of the elas om r.  
To prevent sparking, the spacing between the edges of the elastomers and the electrodes 
needed to be adjusted.  The spacing depended on the applied voltage, elastomer 
thickness, creep strain, and pre-stress.  
 
The dielectric breakdown of air reported in the literature to be ~3 MV/m [110] which 
depends on environmental factors such as altitude, temperature, and humidity.  We 
experimentally determined that the dielectric breakdown at 64°F and 32% RH was 1.5 
MV/m by applying a 10 kV potential between two electrodes.  The electrodes wer  
moved closer together until, at a distance of 6.5 mm, sparking occurred; this corresponds 
to 1.5 V/µm.  The high voltage power supply used in this thesis was limited at a 
maximum output voltage of 10,000 V.  Based on these data, at the maximum possible 
applied voltage, the electrodes needed to have a minimum distance between 1.5 mm and 
3 mm to prevent sparking around the wall of the elastomer.  By having a minimum 





top and bottom) and with an elastomer thickness of 0.1 mm, the separation distance was 
4.1 mm.  Electrode patterning position and orientation were critical to ensure this 
separation was maintained on the elastomers that exhibited large creep strains. When 
pre-stressed TC-5005 and VHB-4905 elastomers continuously narrowed the separation 
distance as the elastomer became longer and narrower.  This resulted in many device 
failures and is a notable reason for the use of alternative compliant electrodes that can be 
coated with thin insulating layers to help prevent sparking, like the PDMS/EG material. 
 
2.7.1.2 Equipment limitations 
The 1 N force limitation of the force-strain transducer, the elastomer tangent moduli, and 
elastomer cross-sectional areas were the determining factors for theapplied pre-stresses.  
The 10 mm stroke limitation of the force-strain transducer, the elastomer tangent moduli, 
and resulting creep strains were the determining factors for applied stresses used for the 
creep strain experiments.  These limitations dictated the experimental protocol. 
 
2.7.2 Unsuccessful experiments 
Electromechanical efficiency is seldom reported.  Electromechanical efficiency is the 
ratio of the electrical energy given to the system to the mechanical energy produced by 
the system (work).  To calculate the electrical energy given to the system, the applied 
voltage and resulting current need to be measured.  The charge buildup on the electrodes 
occurs rapidly (~ 10-11 sec) after applying the voltage, so the voltage and current need to 
be sampled at high frequencies in order to accurately map the power consumed in this 





data collection system to handle this.  A schematic illustration the systm employed is 
shown in Figure 17.  To provide the high sampling rate, a data acquisition card (National 
Instruments, USB-6008) was used to measure the voltage drop across a resistor.  The 
resistance of the resistor was measured before testing, and the resistor was selected to 
produce a voltage drop between 3 and 7 V, depending on the applied electric field and 
elastomer thickness.  Because of the high rate of failure for DEAs with carbon g ease 
electrodes, an operational amplifier was used to mirror the measured voltage drop of 3-7 
V.  The operational amplifier would short out if the DEA failed and sent the 10,000 V 
directly to the resistor, and protect the more expensive data accusation card form being 
damaged.  Using Ohm’s law, V = IR, the current passing through the DEA, or current 
leakage, could be calculated. 
 
Figure 17. Schematic illustration of the voltage and current measuring system used 
to calculate DEA power consumption.         
 
 
Due to the many variables (applied voltage, elastomer thickness, elastomer type, resistor 
value, resistor loss, and operational amplifier type) this method did not give reproducible 





each actuation cycle is the charge buildup on the electrodes.  The negative peaks atthe 
ends of the actuation cycles are that same charge returning to the power supply. This 
charge/discharge could possible be collected with circuitry and would therefore not 
contribute to the power consumption of DEAs, rather the current leakage through the 
elastomer that consumes the power.  Improved electronic circuits are required to more 
accurately measure power consumption of DEAs. 
 
Figure 18. For a PDMS/carbon grease DEA, a) voltage, b) current, c) power, and d) 
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A compliant electrode material has been realized by blending an insulating 
polydimethylsiloxane (PDMS) elastomer with a conductive exfoliated graphite filler, 
which was produced by microwave irradiation.  The conductivity and stiffness of the 
electrodes were determined as a function of filler concentration.  These materials 
exhibited a low percolation threshold:  above 3 wt% loading they became conductive, 
with conductivities reaching as high as 0.4 S/cm.  They remained elastomeric upon 
loading up to 25 wt%, having a Young’s modulus of only 1.4 MPa. This modulus 
(corresponding to a 220% increase compared to the unloaded PDMS) is the lowest 
reported for loaded elastomers above the percolation threshold.  Scanning electron 
microscopy showed that the composites contained small voids, unlike unloaded PDMS, 
which might be responsible for the low modulus.  The performance of these electrodes is 
comparable to that of PDMS loaded with carbon nanotubes, but the exfoliated graphite 






Compliant electrodes that can undergo significant stretching while maintaining good 
conductivity are needed in applications such as strain gauges, flexible displays, we rable 
electronics, and dielectric elastomer actuators.  However, the development of a really 
good compliant electrode material has proven to be challenging because of the numerous, 
sometimes incompatible, requirements on it.  As implied by the name, the two most 
important requirements are mechanical compliance, which equates to a low Young’s 
modulus, and high electrical conductivity.  Other characteristics required by particular 
applications may include extended strain cycling, high ultimate tensile strain, negligible 
creep, ease of fabrication, low material costs, and resistance to wear, rubbing off, and 
delamination.   
 
Much of the compliant electrode research over the past decade has focused on two-phase 
composites composed of conductive filler particles within an insulating polymer matrix 
[111-121].  Conductive filler materials include carbon black (CB) [111, 112], carbon fibers [112], 
multi-wall carbon nanotubes (MWCNTs) [113-116], and single wall carbon nanotubes 
(SWCNTs) [117-121].  Unfortunately, there is normally a dramatic increase in stiffness with 
loading of the conductive filler [116, 117, 122].  Stiffness increases can be minimized by using 
a lower percentage of the filler, but if the loading is too low then the material rem ins 
insulating.  The loading at which the material becomes conductive is known as the 
percolation threshold, at which a conductive pathway through the host matrix is formed 






Graphite, which can be easily obtained and is relatively inexpensive, has also been used 
as a filler [123-126].  Graphite is composed of individual sheets, called graphene, of sp2 
hybridized carbon arranged in a hexagonal lattice; the sheets are stacked along the c-axis 
and bound together by van der Waals forces.  Graphite is electrically conductive in the 
plane of the graphene layers. 
 
Molecules can readily be introduced between the graphene sheets.  Acids can be 
intercalated, for example.  If the graphite particles are then rapidly heated, the acids are 
vaporized, generating enough force to overcome the van der Waals binding and 
expanding the graphite flakes along the c-axis [124, 127-129].  The expanded structures are 
sonicated in a solvent to break them into sheets.  Separation of the layers is known as 
exfoliation, and it can be done either in a furnace [130] or by using microwave radiation 
[124, 128, 129, 131].  However, the production of pure single sheet graphene is difficult with 
these methods:  exfoliation is generally incomplete, resulting in a combination of graphite 
and graphene.   
 
In this paper we demonstrate that exfoliated graphite (EG) can be used to produce low 
modulus composites having good conductivities at low loadings.  Using polydimethyl-
siloxane (PDMS) as the elastomer, we produced a material that can be cast or spin coated 
into films, as well as patterned.  PDMS/EG sample preparation consisted of a simple two 
step process that can be repeated in virtually any lab:  1) exfoliate the graphite and 2) mix 







3.3.1 Microwave Exfoliation 
The exfoliation methods employing microwave irradiation presented by Falcao et al. [128] 
and Wei et al. [132] were used in this work.  Our starting material was acid-washed 
graphite flake (Asbury Graphite Mills, Inc.).  The microwave oven (Kenmore) had a 
power of 1100 W and an operating frequency of 2.45 GHz.  Flexible silicone tubing 
(MasterFlex® HV-96410-18) was fed through the rear vent so that the enclosure could be 
filled with forming gas (97% nitrogen, 3% hydrogen).  The particles must be in close
proximity to one another for exfoliation to occur.  Therefore, graphite flake (2 g) was 
placed into an 18 mL glass vial in the center of the microwave.  The forming gas was 
turned on for 10 minutes at a flow rate of 1 L/min prior to applying full power for 60 sec.  
Due to the conductivity of the graphite, large sparks were generated between particles 
during microwave irradiation, and the expanded material glowed orange-red.  The 
exfoliation appeared to be complete after only a few seconds, as evidenced by a 200-300 
fold increase in volume (Figure 19a).   
 
The resulting worm-like particles (Figure 19b) were filtered by stirring them into hexane, 
in which they floated; large unexfoliated particles sank.  The exfoliated particles were 






Figure 19.  a) Acid-washed graphite before (left) and after (right) microwave 
exfoliation.  b) SEM image of worm-like EG structures.     
 
3.3.2 Characterization 
SEM images of composite samples were obtained with a Hitachi SU-70 SEM at an 
acceleration voltage of 10 kV and a working distance of 15 mm, where unloaded PDMS 
samples were imaged using a Hitachi S-3400N variable pressure SEM at an acceleration 
voltage of 15 kV, a working distance of 15 mm, and a pressure of 100 Pa.  No conductive 






3.3.3 Sample fabrication 
The PDMS used in this work was Sylgard 184 (Dow Corning).  (The term PDMS 
encompasses a family of silicone elastomers, and these materials range in stiffness by a 
factor of 10.  In this paper, “PDMS” refers to Sylgard 184).  While the standard ratio of 
resin to cross-linking agent is 10:1, a ratio of 20:1 was used to produce a more compliant 
host matrix.   
 
Hexane was used to disperse the EG particles, since PDMS is miscible with hexane.  The 
EG was mixed with 120 parts by weight of hexane and sonicated (Branson 1510) at a 
frequency of 40 kHz for a minimum of 3 hours, until the particles appeared to be 
separated by visual inspection.  The EG/hexane solution was then heated to 150 °C on a 
hot plate to drive off excess solvent until a 1:30 ratio (w/w) of EG to hexane was reached.  
(Solvent to particle ratios larger than 1:30 reduced the time required to break down the 
exfoliated structures, but as the solvent evaporated from the cast films (see below)  it 
carried particles to some areas of the surface, resulting in inhomogeneous EG 
concentrations.  Too little solvent resulted in poor particle wetting and thus difficulties in 
mixing.)   
 
The PDMS resin was added, followed by sonication for another 30 minutes, and lastly the 
curing agent was added followed by sonication for a further 10 minutes.  Samples were 
prepared containing between 2 and 25 wt% EG.  The mixtures were cast into 
polyethylene dishes, vacuum desiccated for 2 hours to remove air bubbles and to 





to cure.  Once cured, the PDMS/EG composites could be easily handled without shedding 
of particles.   
 
Spin coating the uncured mixture onto glass slides allowed the formation of thin films 
with a thickness that could be varied by controlling the spin speed.  However, samples 
less than 20 µm thick formed through-holes (holes spanning the entire thickness of 
samples) and had lower conductivity.  To form films that were thick enough to remove 
from the glass and handle, samples were formed by casting.   
 
The cast samples ranged from 100 to 500 µm in thickness and were cut into strips 10 mm 
wide with a minimum length of 38 mm.  Conductive silver epoxy (Chemtronics, 
CircuitWorks CW2400) was painted onto the samples for electrical connection.  Each 
sample was prepared with four 2 mm wide rectangular contact pads spaced 10 mm apart.  
Before the epoxy cured, a 200 mm long fine stainless steel wire (43 gauge, California 
fine Wire co.) was placed into each epoxy pad to provide electrical connections that 
would not interfere with stress-strain measurements.  (This configuration was also 
implemented by Rosset al. [23], who also monitored conductivity versus strain.)   
 
It was necessary to control the moisture content of the composites because the 
conductivity nearly doubled in humid environments.  The samples were therefore dried in 







3.3.4 Mechanical testing 
Mechanical testing was performed using a force/strain transducer (Aurora Scientific Inc., 
model 3000LR) with a custom LabView program.  A schematic of the sample 
configuration is shown in Figure 20.  One end of the sample (the fixed end) was attached 
to a 3” x 1” x 1.2 mm glass microscope slide (VWR, Cat No. 16004-424) using a photo-
curable adhesive (Loctite® 3108), and the other (the moving end) was attached to a 12 
mm wide, 16 mm long section of transparency sheet (3M CG3300).  This configuration 
left a 10 mm x 10 mm section in the center of the sample that was free to stretch.  The 
sample was suspended vertically to prevent the composite film from sagging.  Silk suture 
thread (CP Medical, 675S) connected the sample to the force/strain transducer arm via  
small hole drilled into the transparency sheet and a small hole at the tip of the arm.   
 
Figure 20.  Schematic of the testing configuration.       
 
 
The force/strain transducer applied a constant strain rate (0.1 mm/s) and recorded the 
resulting stress.  This strain rate allowed a sufficient number of data points to be collected 





which simultaneously recorded resistance using a 4-point probe technique that was a 
modified version of ASTM D4496-87.  (Contact resistances were on the order of 70 Ω.)  
An Autolab potentiostat/galvanostat (Eco Chemie, PGSTAT30) provided a constant 
current to the two outermost contact pads.  The current ranged from 10-3 to 10-6 A, 
depending on the EG loading and sample thickness.  Lower currents were selected for 
high resistivity samples to prevent excessive voltage.  The conductivity was calculated 
from the voltage drop between the two innermost contact pads and the sample 
dimensions.   
 
3.3.5 Geometric corrections 
The calculation of the electrical conductivity (from the measured voltage, known applied 
current, and original dimensions) took into account the changing size of the sample under 
strain.  The corrections assumed a Poisson ratio of 0.5.  A detailed explanation of the 
equations used and an example of the calculations can be found in the Supplementary 
Information.   
 
3.4 Results and discussion 
3.4.1 Exfoliation results 
Figure 21 shows SEM images of the graphite after it was microwave exfoliated and 
sonicated in hexane.  The exfoliation process resulted in particles that were 10 to 200 nm 
thick, which is comparable to the 80 to 150 nm in previously made EG [124, 130].  In 





fraction of the material appears to be in the form of one to several sheets.  The particl  
diameters mostly lie within the range of 5-20 µm, with an average of approximately 10 
µm. 
 
Figure 21.  SEM of microwave exfoliated graphite (EG) after sonication in hexane at
a) 1,000 times magnification, and b) 10,000 times magnification.      
 
 
3.4.2 Modulus and strain 
As discussed above, the two most important metrics for compliant electrodes are the
Young’s modulus and the conductivity.  The stress-strain curves, from which the 
Young’s modulus was derived, are shown in Figure 22a for PDMS (Sylgard 184, 20:1 
resin:crosslinker) loaded with EG to 15 wt%.  The slopes for the increasing and 





(separation of the curves).  The stress dropped slightly with increasing cycle numb r, 
indicating a softening of the material.  For samples with lower EG loadings, there was 
less change with cycle number.  (additional stress-strain data for composites with other 
EG loadings can be found in the Chapter 3 Appendix.)   
 
Figure 22.  For a 15 wt% sample a) stress vs. strain for the first 15 cycles, b) 
Young’s modulus at 10% strain vs. cycle number, c) conductivity vs. strain, and d) 
conductivity vs. cycle number.  The first cycle is indicated by a dotted black line, 
cycles 2-14 by gray lines, and cycle 15 by a solid black line.  The directions of 
increasing and decreasing strain are indicated by arrows, as are shifts with 







During the first strain cycle, all samples experienced non-recoverable plstic 
deformation.  This was evidenced by the slope of zero between 0 and 2-3% strain in later 
cycles:  since the sample permanently elongated in the first cycle, a strain of ~3% was 
needed just to make it taut again, and above that it was stretched. 
 
The Young’s modulus was taken as the slope of the stress-strain curves at 10% strain.  
The moduli are plotted as a function of cycle number in Figure 22b.  The modulus begins 
at 1 MPa and settles to 0.9 MPa with cycling.  Therefore, we achieved the goal of
retaining a low modulus for these composites.  For comparison, Sylgard 184 mixed at a 
ratio of 10:1 resin to cross-linking agent has a reported Young’s modulus of 1.8 MPa at 
25% strain.  It should be noted that the Young’s modulus of PDMS depends on several 
factors, including sample thickness and geometry, fabrication techniques, testing
conditions such as temperature, humidity, and strain rate, and the strain at which the 
modulus is measured.   
 
The conductivity was measured simultaneously with the stress, and these data areshown 
for the same sample in Figure 22c.  Conductivities for a loading of 15 wt% were on the 
order of 10-1 S/cm.  As the strain increased, so did the conductivity, but as the strain 
increased further the conductivity dropped again.  The maximum conductivity was 
reached between 15 and 30% strain for all samples.  On the return scan, the conductivity 
peaked again before dropping, but at a higher value of strain.  The fall in conductivity 
with strain is understandable from a percolation model of conductivity:  as the distance 





Above 25% this effect starts to dominate.  The initial increase is, however, puzzling.  One 
hypothesis is that it’s due to reorientation of the particles upon elongation of the ma erial 
so that their sheet faces begin to lie parallel to the strain direction, decreasing the out-of-
plane particle separation and allowing the formation of new particle-particle contacts.   
 
Un-strained samples had a higher conductivity than samples that had been strain d, but 
for the latter the conductivity steadily increased with cycle number (afte the second 
strain cycle), as shown in Figure 22d.  For this sample, the never-cycled conductivity was 
0.40 S/cm.  When the sample was strained for the first time, the maximum conductivity 
dropped to 0.13 S/cm, and then it climbed back to 0.16 S/cm by the 15th cycle.   
 
The initial drop in conductivity during the first strain cycle is presumably due to broken 
contacts between particles that are initially in weak contact with neighboring particles.  
Those routes for electron hopping are permanently lost.  The subsequent increase in 
conductivity with cycling suggests that the EG rearranges within the PDMS matrix over 
time.  Perhaps the plates are taking on a more in-plane alignment (along the stre ch 
direction) that would be favorable to the in-plane conductivity that was measured.   
 
The increase in conductivity under strain cycling has been reported previously in a 
variety of conductive-filler/insulating-host composites [112, 122, 133-135].  This behavior has 
been postulated to be due to the formation of additional conductive pathways through the 






To put these results in context, moduli and conductivities that have previously been 
obtained for elastomer-filled composites are compared with our results in Figure 23.  (A 
list of the starting materials and filler particles for the composites used in Figure 23 can 
be found in the Supplementary Information.)  Numbers for those materials with 
properties that are similar to our PDMS/EG composite are shown in Table 3.  Our results
are most comparable to those for SWCNTs in PDMS.  The exfoliated graphite has, 






Figure 23.  Research results by others showing, versus filler material, a) the 
percolation threshold, b) the maximum conductivity (circles) and the loading at 
maximum conductivity (squares), and c) the Young’s modulus (circles) and the 
modulus increase (squares).  The + symbols show the values for PDMS/EG of the
percolation threshold, maximum conductivity, and Young’s modulus, while the × 
symbols show the values of loading at maximum conductivity and the modulus 





Table 3.  Modulus and conductivity of 15 wt% PDMS/EG and results from prior 





Loading Modulus (MPa) 





EG PDMS 15 wt% 1 / 220 10-1  
Prior Work 




10 wt% 11.5 / 1040 10-1 [131] 
Ag particles PDMS 17 vol% 2.7 / 210 unreported [137] 
 
 
3.4.3 Modulus and strain versus EG loading 
As mentioned previously, composites having low percolation thresholds are desirable 
because they retain the low modulus of the host material.  Parameters affecting the 
percolation threshold include filler shape, filler size and distribution, particle-matrix and 
particle-particle interactions, and processing method [112, 138].   
 
The conductivity of the PDMS/EG is shown in Figure 24a as a function of loading.  The 
highest conductivities were reached between 15 and 30% strain for all the PDMS/EG 
samples.  The onset of percolation was observed at 3 wt% for unstrained samples and at 4 
wt% for strained samples.  Below that, the resistance was too great to measure in our 
system (higher than 10 MΩ).  These thresholds are comparable to those found previously 





thresholds reported for SWCNTs (> 0.1 wt%) [118, 121].  The cost benefits of using EG 
may, however, be more important.  Above the onset of percolation, the conductivity 
increased with loading, as expected.  (The conductivity vs. loading data are fit with a 
power law model in the Chapter 3 Appendix, giving critical exponents of 3.0 and 3.5 for 
strained and unstrained samples, respectively.)  Measurements at loadings higher than 
25% could not be obtained because the samples became too brittle.   
 
Figure 24.  a) Conductivity and b) Young’s modulus vs. loading of EG in 20:1 
PDMS.  For the modulus, 4 points were taken for 5, 10, and 15 wt%, three points for 
20 wt%, and one for 25 wt%.  The average and standard deviation are also 






Figure 24b shows the Young’s modulus as a function of loading; there was no 
discernable dependence.  The average for all samples was 1.44 MPa, corresponding to a 
three-fold increase compared to the unloaded host 20:1 PDMS, which has a modulus of 
0.44 MPa at 10% strain based on our measurements.   
 
3.4.4 Strain to failure 
Another desirable feature of compliant electrodes is an ability to undergo large 
deformations without breaking.  This is important for applications such as flexile 
displays, strain gauges, and dielectric elastomers.  To determine the ultimate tensile 
strain, samples with loadings from 2 to 20 wt% were fixed at one end, clamped to a 
moving stage at the other, and stretched until they failed mechanically.  The results are 
shown in Figure 25.  Even samples with loadings as high as 15 and 20 wt% were capable 
of undergoing 30% strain, and at loadings of 5 wt% they achieved 150%.  (Results for 
loadings from 2-5 wt% are averaged from 4 samples, and loadings from 10-20 wt% are 
averaged from 2 samples.)  This compares with 240% ultimate tensile strain for unloaded 
20:1 PDMS and 110% for unloaded 10:1 PDMS*.   
 
Two 5 wt% samples were subjected to repeated strain cycles between 0 and 30% strain, 
one for 105 cycles (27 hrs) and one for 106 cycles (11.5 days).  They were then strained to 
failure.  Surprisingly, these samples showed ultimate strains of 230% and 250%, 
                                                
* R. Gray (personal correspondence, Technical Information Center, Dow Corning. 





respectively (shown as the triangular point in Figure 25), which is the same result as for 
unloaded 20:1 PDMS and a substantial increase compared to the other samples.  
 
Figure 25.  Ultimate tensile strain for PDMS/EG samples as a function of loading.  A 
5 wt% 20:1 PDMS/EG film spin coated onto a 10:1 PDMS film and patterned with 
“UMD compliant electrodes” is shown at rest and at 100% strain.       
 
 
To demonstrate the patternability and stretchability of the composite electrod , a film of 
PDMS/EG was spin coated onto a base film of 100 µm thick 10:1 PDMS topped by a 
stencil with the phrase “UMD Compliant Electrodes”.  Upon removing the stencil, the 
desired composite pattern, 7 mm wide and 50 mm long, was left on the base film.  The 
thickness of the PDMS/EG layer was 50 µm.  This sample can be seen at rest and at 






3.4.5 SEM images of composites 
SEM images were obtained for PDMS with and without EG loading (Figure 26).  The 
samples were cleaved after immersion in liquid nitrogen and the cross-section  examined.  
The sample in Figure 26b had a 15 wt% loading, although it appears to be composed 
entirely of EG owing to the high surface area of the particles.  The images revealed voids 
in the composites, but no voids in unloaded PDMS.  The voids are the likely reason for 
the retention of the low Young’s modulus by the composites even at relatively high 
loading.  The formation of voids and pores is not uncommon in two-phase composites  
[119, 123, 130]. 
 







The 1 MPa modulus is the lowest on record for a conductive two-phase composite 
material.  Nevertheless, it is our hypothesis that electrical conductivity can be achieved at 
even lower loadings, which could reduce the modulus of the electrodes even further, by 
using alternative processing to produce more fully exfoliated graphite.  This hypothesis is 
supported by the theoretical work of Guth [140], Halpin [141], and Celzard [142].  Therefore, 
future work will focus on the production of exfoliated graphite with higher fractions of 
single sheet graphene and its incorporation into elastomers for compliant electrodes.  To 
produce single sheet graphene, mechanical [143], chemical [125, 127, 144, 145], and solution [135, 
146] exfoliation are the preferred methods.   
 
Surprisingly few publications on compliant electrode materials (less than 14% of the 
articles on this topic) have measured conductivity under strain [112, 147-152], despite the 
materials being labeled as flexible, stretchable, or bendable.  Since conductivity nder 
deformation is one of the most important performance metrics for a compliant electrode, 
future research in this field should include such testing.   
 
For the advancement of the field of compliant electrodes, it is necessary to compare 
results with those from previous work.  Currently, this is difficult because no consensus 
has been reached on which units should be employed (resistance, resistivity, sheet 
resistance, conductance, or conductivity), and the sample dimensions are frequently not 
provided to allow readers to convert between them.  We suggest the use of conductivity 






Although this research focused solely on PDMS, other elastomers could also be used.  
However, this will require addressing issues relating to solvent compatibility, 
viscoelasticity, creep, processing and fabrication techniques, and cost.  
 
3.6 Conclusions 
A compliant electrode material has been formed by mixing exfoliated graphite into 
PDMS.  The composite exhibited a low percolation threshold (3 wt%), moderate 
conductivity (0.4 S/cm at 25 wt%), and low stiffness (average Young’s modulus of 1.44 
MPa).  It was also capable of undergoing large deformations (ultimate strains as large as 
250% after extended cycling), and it was durable (5 wt% samples were capable of 106 
cycles to 30% strain without failure).   
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3.8 Chapter 3 Appendix 
3.8.1 Alternative electrodes 
The first alternative compliant electrode material we experimented wi h, as a replacement 
for carbon grease, was patterned metals.  Gold was chosen for its high conductivity; 
however, gold alone does not adhere well to PDMS when thermally evaporated, therefore 
a base layer of chromium was required.  To maximize the stretchability of the electrode 
material, Cr/Au layers were thermally evaporated having thicknesses on the rder of 100 
nm.  As shown in Figure 27a, to prevent the wires (used to connect the DEA to the high 
voltage power supply) from interfering with the actuation strain, both top and bottom 
contact pads were patterned on the same side of the DEA.  This meant that one contact 
pad was patterned on the top of the PDMS (PDMS was glued to the glass slide) and the 
other contact pad was patterned on the bottom of the glass slide.  This configuration did 
not work because the Cr/Au would not cover the step from the PDMS, around the 
thickness of the glass slide, and then to the face of the glass slide.  Carbon grease had to 
be used to help cover this step (Figure 27a). 
 
Next, we tried patterning the contact pads on opposite sides of the DEA to eliminate the 
un-coatable step from PDMS to the glass surface (Figure 27b).  Now, a method to make 
electrical connection to the gold coated free end of the DEA was required that still would 







Figure 27. Images of PDMS DEAs with a) gold electrodes with the contact pads 
patterned on the same-side of the DEA, and b) gold electrodes with the contact pads 
patterned on the opposite-sides of the DEA.        
 
 
Three experimental electrical connection methods were attempted for the gold patterned 
electrodes.  The first method was a spring that was mounted to the head of a screw and 
soldered to a wire that was connected to the high voltage power supply (Figure 28a).  
When the DEA was actuated, the gold contact pad would move back and forth and 
remain in physical contact with the spring (Figure 28b). The spring was chosen to reduce 
friction, however positioning of the device was critical to maintain contact during 






Figure 28. Images of a) the spring connection for DEAs with patterned gold 
electrodes, and b) close up of the spring making contact with the top gold contact 
pad.         
 
 
The second experimental electrical connection used a flat ski that would make physical 
contact with the gold contact pads (Figure 29a).  The ski was soldered to a wire that was 
connected to the high voltage power supply that ran through the center of a spring.  The 
spring allowed a small force to be applied to the ski to ensure physical connection during 
actuation.  This design worked better than the ski design, but was still difficult to conne t 
and did not make continuous contact with the DEA contact pad when actuated. 
 
Figure 29. Images of a) the ski connection for DEAs with patterned gold electrodes, 






The third experimental electrical connection used magnets soldered to wires that were 
then connected to the high voltage power supply (Figure 30a).  Two magnets were used 
for each electrode.  The magnets were placed over one of the two contact pads (Figure 
30b) to make electrical connection to the DEA. This method worked well, but was still 
not a long-term solution to the electrode issue. 
 
Figure 30. Images of a) the magnet type connection used for DEAs with pattern d 
gold electrodes, and b) close up of the magnet making contact with the top gold 
contact pad.         
 
 
A completely new approach was used as an alternative compliant electrode to eplace 
carbon grease that provided the patternability of the thermally evaporated me als, but 
eliminated the need for bulky electrical connections.  This approach was a composite of 
electrically conductive graphite filler particles blended with PDMS. Hexan  was used to 
dilute the composite and assist in mixing of the two phases.  An example of the 
PDMS/graphite composite is shown in Figure 31. This composite was flexible and 
conductive, but there was certainly room for improvement.  The patternability of the 
composite was poor, and often resulted in wrinkles, cracks, and delamination form 





cause of the poor mechanical and electrical properties, and for the poor patternability.   
Therefore, to lower the filler particle loading and improve electrical conductivity, we 
began to experiment with reducing the particle size by exfoliation. 
  




Figure 32. Images of DEAs fabricated with PDMS/graphite electrodes.         
 
 
The final compliant electrode material was PDMS/EG, which had good electrical 
conductivity and mechanical properties (Figure 33).  The patternability of the composite 





fixed end of the DEA.  This prevented the electrical connections from interfering with the 
actuation strains.  
 
Figure 33. Image of a patterned PDMS/EG DEA showing the silver epoxy contact 
pads applied over non-overlapping areas of the top and bottom electrode layers.        
 
 
Graphite is composed of single atom thick sheets of sp2 hybridized carbon atoms 
arranged in a hexagonal close packed (HCP) crystal structure.  The individual sheets are 
called graphene and are bound together by van der Waals interactions produced by 
delocalized π-orbitals [153].  The HCP unit cell of graphite has an in-plane bond-length 
spacing of 1.42 Ǻ between neighboring carbon atoms and 3.35 Ǻ between sheets [153].  
The spacing between sheets allows atoms and molecules, such as acids, to be intercalated.  
Graphite soaked with sulfuric and nitric acids (4:1 wt%) is exfoliated by rapidly heating 
the acids, causing them to vaporize and generate enough force to overcome the van der 
Waals binding, and results in c-axis expansion.  EG particles are then broken down via 
sonication in solvents and added to the host elastomer, forming the compliant electrode 






Figure 34. Processing and fabrication sequence for elastomer/EG compliant 





The third alternative electrode material was also exfoliated graphite; however, the 
exfoliation of the graphite was chemically obtained from graphite oxide.  Oxidized EG 
particles were prepared using a modified version of the Hummer’s method [154] in which a 
water free mixture of concentrated sulfuric acid, sodium nitrate, and potassium 
permanganate is used to oxidize the particles.  
 
The oxidization procedure was as follows:  
In a fume hood, 20 g sp1 graphite (Bay Carbon Inc.) was added to a solution containing 
30 mL concentrated sulfuric acid (Sigma Aldrich), 10 g potassium persulfate (Sigma 
Aldrich), and 10 g phosphorous pentoxide at 80 °C.  The solution turned from black, to 
brown, to yellow, to purple.  The solution was thermally isolated and allowed to cool to 
room temperature over 6 hrs.  Water was slowly added to the solution, and the solution 
was vacuum filtered through a 300 mL sintered glass funnel with medium porosity over 
paper filter (Whattman #2).  Water was added until the rinse water became pH n utral as 
determined via litmus paper.  This process was repeated five times before continuing on 
to the next steps. 
 
In a fume hood, 20 g of the chemically treated graphite was added slowly into a 1000 mL 
triple neck flask containing 50 g sodium nitrate (Sigma Aldrich) and 460 mL 
concentrated sulfuric acid  heated to 66 °C using a digital hotplate.  A glass thermom ter 
was placed in one of the necks of the flask with a through-hole rubber plug and the other 
two necks were sealed with glass stoppers.  The solution was then cooled to 0 °C in an 





vigorously agitated at 1000 rpm throughout the following steps.  When the solution 
reached 0 °C, 60 g potassium permanganate (Sigma Aldrich) was slowly added while 
carefully monitoring the temperature so that it did not exceed 20 °C.  The solution was 
then removed from the ice bath and the temperature was increased to 35 ± 3 °C.  
 
After 30 min the solution was then divided into two 1000 mL beakers and 460 ml H2O 
was slowly added to each of the solutions causing violent effervescence.  The 
temperature rose to 98 °C during this step.  After 15 min, the effervescence diminished 
and the solution turned into a thick paste.  The paste solutions (each beaker) were then 
further diluted with 1.4 L H2O that was warmed to 30 °C on a hotplate.  Next, the 
solutions were treated with 0.315 mL of a 30% solution of hydrogen peroxide (Sigma 
Aldrich) to reduce the residual permanganate and manganese dioxide into colorless and 
soluble manganese sulfate.  This addition rendered the solution yellow-brown and was 
filtered using a vacuum assisted filtration system.  
 
After drying the oxidized graphite for 24 hrs at room temperature, 0.1 g of the particles 
were placed in a 23 mL glass vial and suspended in 6 g hexane.  The solution was bath 
sonicated for 9 hrs and 3.17 g PDMS resin was added to the solution, followed by 
sonication for 30 min.  Next, 0.185 g of the PDMS crosslinking agent was added to 
produce a 10:1 ratio by weight (resin to crosslinker) and the solution was sonicated for 10 
min.  The filler particle loading in the PDMS composite was 3 wt% (the percolation 





was then spin coated on a cleaned glass slide at 1000 rpm, vacuum desiccated to remove 
air bubbles for 30 min, and cured on a hotplate at 90 °C overnight. 
 
The following protocol was developed by Stankovich et al [155].  The rinsed, filtered, and 
dried graphite oxide was placed over phosphorous pentoxide in vacuum and left 
undisturbed for one week.  Next, 500 mg dried graphite oxide was suspended in 50 mL 
anhydrous dimethylformamide (DMF) (Sigma Aldrich).  Then, 20 mmol phenyl 
isocyanate (Sigma Aldrich) was added to the solution, and the solution was isolated fr 
24 hrs at room temperature.  The solution was filtered through the sintered glass funnel 
and the filter cake was dried overnight on a hotplate at 110 °C.  The dried graphite oxide 
particles (now ~ 40 mg batches) were re-suspended in 40 mL DMF and bath sonicated 
for three hrs. 
 
At this stage, the graphite oxide is reduced to exfoliated graphite by adding 0.4 mL 
dimethylhydrazine (Sigma Aldrich) to the solution containing 10 mL DMF and 40 mg 
graphite oxide.  The DMF/dimethylhydrazine/graphite oxide solution was heated to 80 
°C on a hotplate for 24 hrs, then added one drop at a time (~1 ml/drop/sec) to 1000 mL of 
vigorously stirred methanol.  The coagulations were filtered from the suspension using 
the vacuum assisted sintered glass funnel, washed with methanol to remove remaining 
solvents, and left to dry under vacuum for 10 hrs.  
 
The chemically exfoliated graphite was now able to be re-suspended in hexane and 





conductivities (< 0.001 S/cm).  It is believed that the concentrated sulfuric acid w s not 
concentrated enough.  The most concentrated sulfuric acid available is fuming sulfuric 
acid (Sigma Aldrich), or oleum.  Oleum was purchased, however; there was an 8 month 
backlog.  By the time the oleum arrived, the project had shifted gears and this metod 
was not attempted again due to time constraints.  SEM images of a PDMS composite 







Figure 35. SEM images of chemically exfoliated graphite a) in a 15 wt% composite 
with PDMS at 300 times magnification, b) at 2,500 times magnification, and c) at 
100,000 times magnification.             
 
 






To improve the exfoliation and dispersion of the EG particles in hydrophilic elastomer 
hosts, various surfactants were explored.  Surfactants were used to blend the hydrophobic 
EG particles with the hydrophilic elastomers.  Generally, compliant electrode samples 
were fabricated with a constant weight of 0.1 g EG into a 20 mL glass vial with 3g of the 
surfactant solutions. 
 
3.8.2.1 Triton X-100 and DSPE-mPEG 5000 
EG particles were suspended in a solution of 95.6 wt% deionized water, 4 wt% Triton X-
100 surfactant, and 0.4 wt% DSPE-mPEG 5000 (Laysan Bio, Inc.) phospholipids.  Liquid 
latex resin was added to the solution.  The resulting latex/EG composite was 10 times 
more conductive than the PDMS/EG composites where the EG particles were sonicated 
in hexane without surfactants.   
 
3.8.2.2 Triton X-100 
Triton X-100 is commonly used to suspend carbon nanomaterials (e.g. graphite and 
nanotubes).   Using the critical micelle concentration (CMC) of Triton X-100 (0.25 
mmol) as a starting point, the optimal surfactant concentration was determined to be 0.75 
wt% through a process of trial and error with higher and lower concentrations.  The 
average conductivity is plotted as a function of surfactant concentration in  






Figure 36. Average conductivity as a function of surfactant concentration (wt% in 
DI water) for latex/EG composites fabricated with Triton X-100 surfactants.          
 
 
3.8.2.3 Triton X- 45 
Triton X-45 (linear formula: t-Oct-C6H4-(OCH2CH2)xOH, x= ~5) surfactant has t e 
same chemical structure as X-100 (linear formula: t-Oct-C6H4-(OCH2CH2)xOH, x= 9-
10), with a shorter alkyl chain;however, this particular surfactant was insoluble in DI 
water.  When added to DI water, the surfactant resulted in a milky color, which became 
more apparent as concentration increased above 0.1 wt%.  Samples fabricated with hese 
solutions, despite the insolubility, resulted in conductivities nearly an order of magnitude 






3.8.2.4 Sodium cholate hydrate 
Sodium cholate hydrate was also tested as a surfactant for suspending EG particles in 
hydrophilic solutions.  Using the CMC (9-15mmol) as a starting point, the optimal 
concentration was determined to be ~ 4.75 wt% in DI water.  Fabricated samples had 
conductivities on the order of 1 S/cm.  This is compared to the conductivity of 4-5 S/cm 
for samples fabricated with Triton X-100.  The samples were also more brittle than X-
100 samples; therefore, it was concluded that Triton X-100 was the ideal surfactant at a 
concentration of 0.75 wt% in DI water.  
 
3.8.3 Comparison of PDMS/EG to similar compliant electrode materials 
Table 4 specifies the host material and provides the references for the data in Figure 23 in 





Table 4.  Host materials and references for Figure 5 in the main text.  Reference 
numbers are those used in the main text. 
Filler material  Host material Reference 
SWNT PDMS [117] 
SWNT epoxy [118] 
SWNT polystyrene [119] 
SWNT PEDOT-PSS [121] 
MWNT PDMS [114] 
MWNT epoxy [115] 
MWNT polystyrene [116] 
MWNT polyurethane-urea [147] 
EG polystyrene [124] 
EG NBR [131] 
silver particles PDMS [137] 
CB polystyrene [111] 
CB polyurethane [156] 
 
 
3.8.4 Basis of Using EG for Conductive Composites with Low Modulus 
There has been theoretical work on predicting the mechanical and electrical properties of 
composites.  Starting with the mechanical properties, the Guth equation [140] predicts a 
strong increase in the modulus of the composite with increasing aspect ratio and volume 
fraction of the filler material:   








where f is the filler aspect ratio, φ is the filler volume fraction, E0 is the modulus of the 
unfilled polymer, and E is the modulus of the composite.  Similarly, the Halpin-Tsai 
model [141] predicts that the modulus of composites with fiber-shaped fillers will be much 
higher than that of the host polymer: 
Eq. 8  E = E0 (1 + 2fφ) / (1 - φ).   
The dependences of the two models on aspect ratio are shown in Figure 37.  From (Eq. 7) 
and (Eq. 8), it would not appear to be promising to use EG, which has a high aspect ratio.  
This conclusion has been supported in systems such as polymer/fiber composites and 
elastomers filled with carbon nanotubes.   
 
Figure 37.  Guth and Halpin-Tsai model predictions for the Young’s modulus as a 
function of aspect ratio f for E0 = 0.44 MPa and φ = 0.15. 
 
 
Turning to the electrical properties, Celzard et al. [142] developed a model to predict the 





insulating matrix.  They concluded that there would be a linear relationship between the 
percolation threshold and the aspect ratio: 
Eq. 9  φC ∂ t/r,  
where φC is the critical concentration at which a conductive pathway is formed (in vol%), 
t is the particle thickness, and r is the particle radius.  This equation shows that a 
percolative network is formed at lower loadings for particles with higher aspect ratios, 
with a factor of 10 reduction in loading for each factor of 10 reduction in particle 
thickness.  Thus, graphene should form a conductive material at much lower loadings 
than graphite.  Based on these relationships, the question is, then, does the material 
become conductive before the modulus rises significantly?   
 
Figure 38 shows the conductivity and Young’s modulus in our composites as a function 
of EG loading.  Surprisingly, their stiffness did not increase significantly wi h loading, 
deviating from both the Guth and Halpin-Tsai equations.  This is most likely due to the 






Figure 38.  Conductivity and Young’s modulus as a function of weight% of EG for 
PDMS/EG composites.       
 
 
3.8.5 Effects of voids on the tangent moduli 
As shown in Figure 26, voids were present in the elastomer composites.  We hypothesize 
that the voids may have contributed to the low tangent modulus.  From the SEM image, 
we estimate that the PDMS/EG composite contained between 5% and 20% voids by 
volume.  To test this hypothesis, the tangent moduli were recalculated for a 15 wt% 
PDMS/EG composite assuming 5 vol% and 20 vol% voids.  For simplicity, the voids 
were assumed to be cubic; therefore, the L, W, and t of the composite were multiplied by 
(1-(0.05)1/3) for 5 vol% voids and by (1-(0.2)1/3) for 20 vol% voids, the stress and strains 
were recalculated, and the results are show in Figure 39.  Accounting for the loss of 
volume resulted in a 7% increase in the tangent modulus of the composite for 20 vol% 
voids.   This does not account for the lower modulus in our composites compared to other 






Adjusting the sample geometry to account for the loss of volume due to the presence of 
voids does not take into account the additional crosslinking sites that may be formed 
between the host elastomer molecules if the voids were not present.  The addition l 
crosslinking sites would also be expected to increase the tangent modulus of the 
composite.      
 
Figure 39.  Stress as a function of strain for 15 wt% PDMS/EG composite calcuated 
using the measured sample geometry (circles) compared to the stress strain curves 
for the same sample that were calculated using adjusted geometries to account for 5 
vol% voids (squares) and 20 vol% voids (diamonds).  
 
 
3.8.6 Uncertainty calculations for conductivity 
3.8.7 Uncertainty calculations for conductivity 
The measurement equipment used to determine sample conductivity (i.e. multimeter, 
micrometer, and surface profiler) have an associated uncertainty that result in some error 





calculations, the error was determined for five 6 wt% latex/EG samples.  The sample 
dimensions, resistance, uncertainty, calculated conductivity, and calculated error ar  
provided in Table 5.   
Table 5.  Measured length, width, thickness, and resistance of five 6 wt% latex/EG 










 1.913 0.525 1.60x10-3 1.00x106 2.28x10-3 1.49x10-5 
 1.900 0.510 1.36x10-3 1.20x106 2.27x10-3 1.74x10-5 
 1.380 0.526 1.68x10-3 0.89x106 1.75x10-3 1.10x10-5 
 1.550 0.500 1.38x10-3 1.11x106 2.02x10-3 1.52x10-5 
 1.770 0.499 1.72x10-3 1.15x106 1.78x10-3 1.10x10-5 
Uncertainty 0.001 0.001 0.01x10-3 0.0001x106   
 
 
Sample conductivity σconductivity was calculated using 
Eq. 10  σconductivity = L/WtR,  
where L is the length, W is the width, t is the thickness, R is the resistance.  The 
uncertainties associated with the conductivities Uσ due to the measurement errors were 
determined using [157] 
Eq. 11  Uσ = √[(UL•σL)2 + (UW•σW)2 + (Ut•σt)2 + (UR•σR)2],  
where UL,W,t,R are the uncertainties for the measured length L, width W, thickness t, and 
resistance R, respectively, and σL,W,t,R are the calculated errors for the length L, width W, 
thickness t, and resistance R, respectively.  The errors σL,W,t,R were calculated using 
[109] 
Eq. 12  σL = dσ/dL = 1/(WtR), 





Eq. 14  σt = dσ/dt = -L/(WRt2), and 
Eq. 15  σR = dσ/dR = -L/(WtR2). 
Using the above equations, it was determined that the uncertainties in the calculated 
conductivities (1.10x10-5 S/cm to 1.74x10-5 S/cm) due to the measurement uncertainties 
were two orders of magnitude smaller than the variation in the conductivities (1.75x10-3 
S/cm to 2.28x10-3 S/cm) observed from sample to sample.  Therefore, the measurement 
uncertainties are not responsible for the variation in sample conductivities.  Rather, the 
variation may be due to either to variations in sample properties or preparation (i.e., EG 
loading, sonication time, extent of particle settling, contact of the epoxy with the 
composite) or variability in the measurement method (such as placement or pressure of 
the probes).  
 
3.8.8 Dynamic stress-strain characterization of the composites 
To probe the elastic behavior and determine the Young’s moduli of the composite 
samples, stress-strain tests were performed.  The Young’s moduli reached a stea y state 
after the first few strain cycles for loadings below 15 wt%, as shown in Figure 40a for a 5 
wt% PDMS/EG sample.  However, for samples containing 20 and 25 wt%, the modulus 






Figure 40.  a) Stress as a function of strain for a sample with 5 wt% loading.  b) 
Stress as a function of strain for 25 wt% loading.     
 
 
3.8.9 Sample fabrication 
The fabrication process for forming an individual PDMS/EG sample was as follows: 
• In a 23 mL glass vial, combine 0.05 g of the filtered/dried EG with 6.0 g hexane.   
• Sonicate the solution until the worm-like structures have broken apart (3+ hrs).   
• Evaporate off 4.5 g of the hexane in the mixture on a hot plate at 150 °C.   
• Add the desired amount of PDMS resin and sonicate for 30 min.   
• Add the corresponding amount of PDMS curing agent and sonicate for 10 min.   
• Cast the solution in a polyethylene dish and vacuum desiccate for 2 hrs.   
• Bake on a hot plate at 75 °C overnight.   





• Attach a 14 mm length of the sample to 1” x 3” x 1.2 mm glass slides using a 
photo-curable adhesive (such as Loctite 3108) leaving 24 mm of the sample 
unattached.  This is the fixed end of the sample.   
• Glue a 16 mm long, 12 mm wide transparency sheet to the unattached end of the 
sample so that 2 mm of the transparency sheet remains unattached and there are 1 
mm edges on either side of the 10 mm wide sample.  This will leave a 10 mm 
wide, 10 mm long section of the PDMS/EG sample (active area) between the 
glass slide and the transparency sheet.  This is the free end of the sample.   
• Punch a small hole in the center of the 2 mm unattached area of the transparency 
sheet.  Thread this hole with one end of a piece of suture thread and tie off with a 
knot.  Connect the other end of the thread to the hole in the force/strain transducer 
arm the same way.  
• Add 4 electrical connections for 4-point probe resistance measurements by 
painting conductive silver epoxy (Chemtronics, CircuitWorks CW2400) across 
the surface of the PDMS/EG sample.  The contact pads should be 2 mm wide and 
have a 10 mm spacing between them.  Before the epoxy sets, place 10 mm of a 
200 mm length of fine stainless steel wire (43 gauge, California fine Wire co.) 
into each of the pads; 200 mm is long enough not to impede the stress/strain tests.  






3.8.10 Power law model for conductivity as a function of EG loading 
Conductivity as a function of loading data are often fit with a power law model [25, 112, 119, 
125, 138, 158, 159]: 
Eq. 16  σ = ((V - Vc)/(1 - Vc))
t,  
where V is the volume fraction of the filler, Vc is the percolation threshold, and t is the 
critical exponent.  Figure 41 shows such power law fits for both the strained and 
unstrained samples, giving t = 3.0 and 3.5, respectively.   
 
Figure 41.  Power law fit to the conductivity as a function of loading data, with the 
dotted line representing the fit for unstrained samples (squares) and the dashed line 
representing the fit for strained samples (circles).  Each point represents one 
sample.      
 
 
The exponent t has been postulated to depend on the dimensionality of the conductive 





1.5 to 2.0 for three dimensional systems [112, 115, 158, 160-162].  Values of t > 2 (so called non-
universal values) have also frequently been reported [112, 119, 123, 124, 158, 161].  Non-universal 
values of t have been attributed to high aspect ratio filler particle geometries (i.e. as found 
in CNTs and graphene) [158], the formation of voids in the material [119], and tunneling 
through insulating coatings on the particles [158, 161-164]. 
 
Some experimentally obtained values of t from prior work are compared to the results 
from this research in Table 5.  The exponents range from 1.2 to 3.8 and appear to be 
uncorrelated with performance parameters such as conductivity and modulus.  The merit 
of the critical exponent is therefore unclear.  The values of t obtained in this investigation 






Table 6.  Critical exponents t for PDMS/EG compared with results from prior work 
on unstrained elastomers with conductive fillers.   
Filler Material Host Polymer t Reference 
This Work    
EG PDMS 3.50 
3.00 (strained) 
 
Prior Work    
MWNT epoxy 1.20 [115] 
SWNT epoxy 1.30 [118] 
MWNT polyvinylalcohol 1.33 [160] 
graphite powder PMMA 1.82 [158] 
MWNT polyurethane-urea 1.98 
1.60 (strained) 
[147] 
SWNT PS 2.20 [119] 
EG epoxy 2.50 [123] 
EG PS 3.07 [124] 
EG PMMA 3.47 [158] 
graphite particles PS 3.50 [161] 
CB ethylene-octene 3.80 [112] 
 
 
The decrease in the exponent t after straining shown in Figure 41 was also observed in 
MWNT/polyurethane-urea elastomer composites [147].  In that work, the decrease was 





width of the distribution of tunneling resistances [147].  Also, as mentioned earlier, the 
voids shown in Figure 26b may contribute to the high values of the exponent t fou d in 
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Dielectric elastomer actuators (DEAs) consist of an elastomer sandwiched between two 
electrodes, and they undergo a large in-plane expansion upon the application of an 
electric field.  They therefore require compliant electrodes that can stretch ens of 
percent.  The most commonly used electrode material is carbon grease, which smears 
easily and is difficult to pattern.  This paper outlines the fabrication and performance of a 
novel polydimethylsiloxane (PDMS) composite having a 15 wt% loading of exfoliated 
graphite (EG).  This new material has a Young’s modulus of only 0.9 MPa and a 
conductivity of 0.15 S/cm.  Unlike other composite electrode materials, the Young’s 
modulus of the PDMS/EG increases only slightly, by a factor of two, upon addition of the
EG.  Furthermore, the PDMS/EG composite is patternable and will not rub off.  DEAs 
were fabricated with 20:1 PDMS as the elastomer using this new electrode material.  The 





under the same electric field.  Elastomer/EG composites may also find applications in 
areas such as flexible electronics, robotics, strain gauges, and sensors. 
 
4.2 Introduction 
Compliant electrodes for dielectric elastomer actuators (DEAs) should ideally b  less stiff 
than the dielectric elastomer so that they do not impede the actuation of the devices.  
These materials must also remain conductive while undergoing large deformations.  
Carbon grease (CG) is one of the most widely used electrode materials for DEAs because 
it meets the above criteria and is easy to apply; however, it smears and rubs off, is 
difficult to pattern, dries out, and its solvents diffuse into the elastomer over time, which 
reduces the dielectric breakdown strength.  Thus, a new compliant electrode material is 
required.   
 
Over the past decade, a great deal of research on compliant electrode materials has 
focused on two-phase composites comprising insulating polymer matrices with 
embedded conductive filler particles [111-114, 116, 117, 119, 124, 125, 131, 137, 147, 156 58, 165, 166].  
Some of the more commonly used conductive filler materials include carbon black (CB) 
[111, 112], carbon fibers [112], multi-wall carbon nanotubes (MWNTs) [113-116, 147, 166], and 
single wall carbon nanotubes (SWNTs) [117-121, 134].  Most of these composites suffer from 
a dramatic increase in stiffness with the addition of the filler particles [33, 119, 147].  Using 





however, the filler particle loading must be above the percolation threshold, at which the 
material becomes conductive.   
 
Graphite is a promising alternative filler particle because it is electrically conductive, 
easily obtained, and relatively inexpensive [123-125, 131, 158].  Graphite is composed of stacks 
of graphene, which are single sheets of hexagonally arranged carbon atoms.  These 
individual sheets are stacked along the c-axis and bound together by van der Waals 
forces.  These weak secondary forces allow small molecules, such as acids, to readily 
enter the graphite (intercalate) between the layers.  Rapid heating of acid-intercalated 
graphite will vaporize the acids, generating enough force to break the van der Waals 
forces and separate the graphite into graphene [124, 127-129].  Separation of the layers is 
known as exfoliation, and is commonly performed in a furnace [130] or by using 
microwave irradiation [124, 128, 129, 131].  The exfoliated graphite (EG) structures can then be 
sonicated in solvents and further separated.  Production of pure single-sheet graphene 
remains difficult with these methods because the exfoliation is generally incomplete, 
which results in a combination of graphite and graphene.   
 
In this paper we demonstrate that EG can be used to create a compliant electrod  material 
having a low stiffness and moderate conductivity at low loadings.  By combining the EG 
particles with a polydimethylsiloxane (PDMS) elastomer, we have produced a material 
that can be cast, spin-coated, and patterned.  DEAs with PDMS/EG electrodes were 







4.3.1 Microwave exfoliation 
Exfoliation of the acid-intercalated graphite flake (Asbury Graphite Mills, Inc.) used in 
this work was conducted by a microwave irradiation method presented by Falcao et al. 
[128] and Wei et al. [129].  An 1100 W microwave oven (Kenmore) with an operating 
frequency of 2.45 GHz was used.  Exfoliation was conducted under an inert atmosphere 
of forming gas (97% nitrogen, 3% hydrogen) by fitting a flexible silicone tub  
(MasterFlex® HV-96410-18) through the vent in the back of the microwave and into the 
cooking chamber.  The forming gas was turned on for 10 min at a flow rate of 1 L/min 
prior to applying full power for 60 sec.  The graphite flake (2 g) was placed into an 18 
mL glass vial in the center of the microwave.  The particles must be in close pr ximity to 
one another for exfoliation to occur.  Large sparks were generated between the particles 
during exfoliation, and the expanded material glowed orange-red.  Exfoliation was 
complete after only a few sec, and a 200-300 fold increase in volume was observed 
(Figure 42a-b).  The resulting worm-like particles (Figure 42c-d) were separated from 
any remaining unexfoliated particles by stirring them into hexane.  The mor dense 
(unexfoliated) particles would sink and the less dense ξ (exfoliated) particles would float.  
                                                
ξ Exfoliated graphite particles have the same density as unexfoliated graphite particles; 






The exfoliated particles were collected from the surface and dried on a hot plate 
overnight at 150 °C. 
 
Figure 42.  a) Acid-washed graphite flakes before microwave exfoliation, b) acid-
washed graphite flakes after microwave exfoliation, c) SEM image of worm-like EG 
particles at 30 times magnification, and d) SEM image of worm-like EG particles at 




SEM images of composite samples were obtained with a Hitachi SU-70 SEM at an 
acceleration voltage of 10 kV and a working distance of 15 mm.  Unloaded PDMS 
samples were imaged using a Hitachi S-3400N variable pressure SEM at an acceleration 
voltage of 15 kV, a working distance of 15 mm, and a pressure of 100 Pa.  No conductive 
coatings were used in either case.   
 
4.3.3 Sample fabrication 
The PDMS used in this investigation was Sylgard 184 (Dow Corning).  DEAs were 
fabricated with PDMS/EG compliant electrodes containing 15 wt% EG particles and 
PDMS with a 20:1 ratio of resin to cross-linking agent, giving a Young’s modulus of 0.44 





modulus (1.1 MPa).  For comparison purposes, DEAs were also fabricated with carbon 
grease electrodes (MG Chemicals) and PDMS with the 10:1 ratio of resin to cross-linking 
agent. 
 
To break apart the worm-like EG structures, Figure 42c-d, the EG particles wer  added to 
hexane at a 1:30 ratio (w/w), and the solution was sonicated (Branson 1510) at a 
frequency of 40 kHz.  Hexane was chosen as the solvent because it dissolved both the EG 
and the PDMS, and it did not prevent the elastomer from curing.  After 3 hrs, the PDMS 
resin was added to the solution and sonicated for 30 min.  The solution was then heated to 
95 °C on a hot plate, driving off excess hexane until a 1:7.5 ratio (w/w) of EG to hexane 
was reached.  Next, the curing agent was added and the solution was vigorously shaken 
by hand for 60 sec and sonicated for another 10 min.  These solutions would remain 
stable for 10+ hrs without curing and were viscous enough to produce uniform films 
during spin-coating.   
 
To fabricate the DEAs, a protective layer of PDMS was first spin-coated on clea ed glass 
slide at 1500 rpm for 120 sec, followed by vacuum desiccation for 10 min to remove air 
bubbles and baking on a hot-plate at 95 °C for 10 min.  Without the protective layers, 
during later actuation of the device the current sparked across the electrode surfac s when 
the voltage was applied.  The first electrode layer was deposited by spin-coating the 
PDMS/EG solution, over a stencil applied to the cured PDMS, at 1000 rpm for 120 sec.  
The stencil, which was cut from Scotch tape (3M) with the pattern shown in Figure 43, 





layer was applied in two coats ξ, each of which were applied by spin-coating the PDMS 
at 1000 rpm for 60 sec, vacuum desiccating for 5 min, and baking at 95 °C for 10 min.  
The top electrode layers and the top protective coatings were applied in the same method 
as the first.   
 




The active area of the DEA (i.e. the area covered by PDMS/EG) was 10 mm wide and 20 
mm long.  The dielectric elastomer was 120 µm thick, the electrodes were each 30 µm 
thick, and the protective PDMS layers were also 30 µm thick.  A schematic of a cross 
sectional view of the DEAs and the testing configuration used in this investigation are 
                                                






shown in Figure 43.  Electrical contact was made to the DEA by patterning two non-
overlapping segments above the active electrode areas (labeled A and B in Figure 43).  
The DEAs were fully encapsulated, having a 1 mm edge of PDMS on either side of the 
active area to prevent sparking.  One end of the sample (the fixed end) was glued to a 3” 
x 1” x 1.2 mm glass microscope slide (VWR, Cat No. 16004-424) using a photo-curable 
adhesive (Loctite® 3108).  The other end (the moving end) was glued to a 16 mm long, 
14 mm wide section of transparency sheet (3M CG3300).  The glass slide was clamped, 
and the DEA was held vertically.  Silk suture thread (CP Medical, 675S) was used to 
connect the sample to a force/strain transducer arm via a small hole drilled into the 
transparency sheet and a small hole at the tip of the arm.   
 
Electrical connections to the devices were made by cutting through all 6 layers of the 
spin-coated DEA, across the non-overlapping areas discussed above, and then painting a 
conductive silver epoxy (Chemtronics, CircuitWorks CW2400) over the exposed 
electrode layers.  The epoxy was then given 24 hrs to cure.  Alligator clips were used to 
attach a high voltage power supply (UltraVolt, Inc.) to the devices.   
 
A sample demonstrating the patternability of the PDMS/EG electrode material is shown 
in Figure 44.  The PDMS/EG material was prepared in the same method described abov  
using a stencil cut by hand from tape ξ.  The stencil was placed on the surface of a film of 
                                                
ξ Cutting stencils with a laser cutter or similar system would be easier and woul allow 





cured PDMS, the PDMS/EG material was spin-coated over the stencil, and the stencil 
was removed.  It can be seen that fairly complex shapes can be attained with relative
ease, making this new material an excellent candidate as a replacement for CG 
electrodes. 
 
Figure 44.  PDMS/EG material patterned with “UMD compliant electrodes” showed 
at rest (left) and at 100% strain (right).      
 
 
4.4 Electrical and mechanical characterization 
The PDMS/EG compliant electrode material was mechanically and electrically 
characterized.  Mechanical characterization of PDMS/EG samples was performed by 
applying a known strain, measuring the resulting stress, and calculating the Young’s 
modulus at 10% strain.  Electrical characterization was carried out by applying a known 
strain, measuring the resulting change in resistance, and calculating the conductivity as a 
function of strain.  DEAs were characterized by applying an electric field between the 
electrodes and measuring the resultant actuation strain. 
 
Mechanical testing was performed using a force/strain transducer (Aurora Scientific Inc., 
model 3000LR) with a custom LabView program.  A pre-stress of 75 kPa and a constant 
strain-rate of 0.1 mm/s were applied to all samples.  Samples were strain d from 0 to 





pre-stress of 75 kPa was applied to the samples, and the resulting strain was recorded 
over a 10 hr period. 
 
Electrical characterization was conducted using the 4-point probe technique in ord r to 
eliminate contact resistance.  Four 2 mm wide strips of silver epoxy were patterned over 
PDMS/EG samples leaving 10 mm of spacing between the strips.  An Autolab 
potentiostat/galvanostat (Eco Chemie, PGSTAT30) was used to apply a current of 0.001 
A to the outermost electrodes, while a digital multimeter (Craftsman Professi nal, model 
no. 82324) simultaneously measured the voltage drop across the two innermost 
electrodes.  Using Ohm’s law, the recorded voltage drop was then converted to 
conductivity using measured sample geometries and the applied current. 
 
Electro-mechanical characterization of DEAs was conducted by applying eectric fields 
between 15 and 65 V/µm, in 2.5 V/µm intervals, and measuring the resulting actuation 
strain.  All actuation strains were corrected by removing the creep strains.  Electric fields 
were applied to the DEAs in frequencies of 0.011, 0.016, 0.025, 0.085, 0.11, 0.16, 0.25, 
0.5, 1.0, 2.5, 5.0, and 10.0 Hz.  Rise/relaxation times were calculated as the time required 






4.5 Results and discussion 
4.5.1 Mechanical characterization of PDMS/EG composites 
The Young’s modulus, defined as the slope of the stress-strain curve at a particular 
externally applied strain, is an important material property for DEAs since it ultimately 
affects actuation strain and force:  stiffer devices (high modulus) will have lower strains 
and higher forces; softer devices (low modulus) will have higher strains and lower forces.  
Example of stress-strain curves, from which the Young’s moduli were derived, are shown
in Figure 45a for the 15th strain cycle.  A 20:1 PDMS/ 15wt% EG sample is compared to 
an unloaded 10:1 PDMS sample.  The slope ξ for the PDMS/EG was somewhat smaller, 
corresponding to a modulus of 0.9 MPa, than that of the 10:1 PDMS, which had a 
modulus of 1.1 MPa.  The low modulus of the composite is partially due to the greater 
20:1 ratio of PDMS resin to cross-linking agent, and also to the formation of voids, which 
can be observed in Figure 46.  The up-ramps (03 % strain) and the down-ramps 
(300% strain) are indicated by the unfilled arrows.  There was a greater separation 
between the curves, or hysteresis, for the PDMS/EG material.   
 
For high performance applications, such as in micro-autonomous air vehicles (MAVs), 
actuators are required to provide reproducible driving and steering without loss of power 
or strain over time.  Therefore, understanding the long-term strain behavior, or creep, of 
                                                
ξ Modulus was measured as the slope of the stress-strain curve at 5% strain by fitting a 





DEA elastomers is critical for such applications.  Creep strains of the PDMS/EG material 
and of unloaded PDMS are shown in Figure 45b.  Large creep strains are undesirable for 
DEAs because they result in non-repeatable actuation.  The creep strain at 10 hrs for the 
PDMS/EG material is 3.6%, nearly double that of plain PDMS.  However, compared to 
elastomers like VHB tape (3M), which can exhibit 100-300% strain over the same 
duration, the PDMS/EG material has almost no creep strain.   
 
Figure 45.  PDMS/EG compliant electrode material (black diamonds) compared to 
10:1 PDMS (gray circles) in terms of a) stress vs. applied strain and b) creep strain 








Figure 46.  SEM images at 1000 times magnification of a) unloaded PDMS, and b) 
15 wt% PDMS/EG with voids present.     
 
 
4.5.2 Electro-mechanical characterization of PDMS/EG composites 
For high performance DEAs, it is also important that the compliant electrode remains 
both elastomeric and conductive when subjected to repeated strain cycles.  The 
conductivity and Young’s modulus of the PDMS/EG composite is plotted in Figure 47 as 
a function of strain cycle number.  The conductivity (lower curve) was on the order of 
0.15 S/cm and increased a little with increasing strain cycle number.  (Conductivities as 
high as 0.44 S/cm were obtained with samples containing 25 wt% EG.  However, these 
samples were brittle, having a low ultimate tensile strain, and were therefore not used in 
this investigation.)   The conductivity was actually higher under strain than fully relaxed, 
reaching a maximum between 20% and 30% strain for all samples ξ.   
 
                                                






The Young’s modulus (upper curve) of the PDMS/EG was 1 MPa in the first strain cycle 
and dropped slightly to 0.9 MPa by the 15th strain cycle, indicating a softening of the 
material.  In our experience, unlike CG, the PDMS/EG electrode properties improved 
over time, further promoting the replacement of conventional CG electrodes with this 
new material. 
 
Figure 47.  Conductivity (black diamonds) and Young’s modulus (gray circles) vs. 
strain cycle for the PDMS/EG electrode material.     
 
 
Increasing conductivity during repeated strain cycling has been reported previously for a 
variety of conductive-filler/insulating-host composites [112, 134, 137, 165].  It has been 
hypothesized that the formation of additional conductive pathways through the material, 
by removal of matrix material between the EG particles, may be the cause for such 






4.5.3 Electro-mechanical characterization of DEAs 
The achievable actuation strains determine which applications are possible.   The 
actuation strains for a DEA with PDMS/EG electrodes are shown in Figure 48a at electric 
fields of 15, 17.5, and 20 V/µm.  Recall that these actuators were not pre-strained, so the 
data cannot be directly compared with results for pre-strained PDMS devices.  Th  raw 
actuation strain (upper gray line) was corrected by removing the creep strain (middle 
black line) to produce the actuation strain (lower black line).   
 
Corrected actuation strains are plotted in Figure 48b as a function of applied electric field 
for DEAs with PDMS/EG electrodes and a 20:1 PDMS dielectric layer and for DEAs 
with CG electrodes and a 10:1 PDMS dielectric layer ξ.  It can be seen from the data in 
Figure 48b that the actuation strains were identical for both electrode materials and 
followed the expected quadratic dependence on field.  At 50 V/µm, the strain reached 
1.2%.  However, the DEAs with PDMS/EG electrodes could be encapsulated in PDMS, 
which allowed higher electric fields to be applied before device failure: 65 V/µm versus 
50 V/µm.  Because the actuation strain in DEAs depends on the square of the electric 
field, this 30% increase in voltage led to a three-fold increase in strain, which reached 
3.5% at 65 V/µm.  These findings further support the replacement of CG with the 
PDMS/EG composite for DEA electrodes.   
                                                
ξ Measured dielectric constants of the 10:1 and 20:1 PDMS elastomers were similar,
ranging between 2.3 and 2.8, and were assumed to have a small impact on the actuation 






Figure 48.  a) Actuation strains of a DEA made with PDMS/EG electrodes (black 
line marked by diamonds) vs. time under applied electric fields of 15, 17.5, and 20 
V/µm.  The actuation strain was found by removing the creep strain from Figure 
45b (middle solid line) from the raw data (gray line marked by circles).  b) 
Actuation strain vs. electric field of PDMS/EG (diamonds) compared to the strain in 
a DEA with CG electrodes (crosses).  The dashed line is a guide for the ey .      
 
 
Aside from large actuation strains, the ability of a DEA to quickly respond t the 
application or removal of an applied electric field is important for applications like 
flapping-wing MAVs.  The actuation strains of DEAs with PDMS/EG electrodes and CG 
electrodes are shown in Figure 49a under an electric field of 50 V/µm over a 30 sec 
duration.  The corresponding rise and relaxation times were calculated to be 0.49 and 
1.04 sec for DEAs with PDMS/EG electrodes and 0.48 and 1.09 sec for DEAs with CG 
electrodes.  The softer DEAs with PDMS/EG electrodes achieved greater actuation 
strains at this electric field, as expected, with rise/relaxation times that were nearly 
identical to DEAs with CG electrodes.  One can therefore conclude that the PDMS/EG 






Figure 49.  a) Actuation strains of DEAs made with PDMS/EG electrodes 
(diamonds) and CG electrodes (circles) vs. time under an electric field of 50 V/µm 
showing the corresponding rise and relaxation times.  b) Actuation strains vs. 
frequency under electric fields of 27.5 and 47.5 V/µm showing the fall-off othe 
actuation strains with increasing frequency.  The dotted lines are guides for the eye.       
 
 
The actuation strains for DEAs with PDMS/EG electrodes and DEAs with CG electrodes 
are shown in Figure 49b as a function of frequency.  Electric fields of 27.5 and 47.5 
V/µm were applied at frequencies between 0.01 and 10 Hz.  Similar to the results in 
Figure 48b, the actuation strains were nearly identical for both electrode materials, and 
for both the actuation strains begin to decline at a frequency of 1 Hz.   
 
4.6 Conclusion 
A novel compliant electrode material was developed composed of PDMS loaded with EG 
produced by microwave irradiation.  At a 15 wt% loading of EG, the compliant electrode 





modulus is the lowest reported for two-phase composites consisting of a conductive filler 
and an insulating polymer matrix.  Un-prestrained DEAs fabricated with PDMS/EG 
electrodes exhibited actuation strains as high as 3.45% at 65 V/µm.  Results form this 
investigation have demonstrated that PDMS/EG is superior to CG in the following ways:  
1) during fabrication, it has the benefit of being castable, spin-coatable, and patternable; 
2) it will not smear or rub off; 3) because it does not dry out over time like CG, its 
conductivity and modulus are steady over time; and 4) because it can be completely 
encapsulated in additional protective PDMS layers, higher electric fieldscan be used, 
which yields larger actuation strains.     
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This paper characterizes the performance of electrically conductive and mechanically 
compliant composites as strain sensors and demonstrates their application in structural 
health monitoring and tactile sensing.  The composites were fabricated by blending 
exfoliated graphite (EG) into either polyisoprene (latex) or polychloroprene (neoprene) 
host rubbers, and they were applied to various surfaces by either brush painting or 
airbrushing.  Their electrical and mechanical properties were determined as functions of 
strain, temperature, humidity, and EG loading.  Composites had conductivities between 
0.004 and 0.03 S/cm and tangent moduli of less than 5 MPa at 5% strain for EG loadings 
up to 10 wt%.  Compared to carbon black filled composites, the conductivities are orders 
of magnitude higher [111, 156] and the percolation threshold is lower [156].  The dependence 
of resistance on temperature was small between -50 °C and +50 °C (-6*10-3/°C or lower), 
and the resistance increased 10-20% between 30% and 70% RH.  These effects were 





linear.  The composites were applied to measure the deformation of a ½ scale concrete 
bridge beam as it was loaded to failure and as contact sensors on a glove.  
 
5.2 Introduction 
A variety of strain gauge materials and devices are commercially avai able, the most 
common of which are the metallic foil types.  Metallic foil strain gauges are limit d to 
measuring strains smaller than 5% [168], have gauge factors (GFs) less than 5.5 [1], and are 
unable to conform to non-flat surfaces.  Other strain sensors, such as the piezoelectric and 
piezoresistive types, have been reported having GFs as high as 1000 [1, 3], but they are 
typically limited to strains of less than 1% [1, 3, 4].  Furthermore, commercial sensors 
typically have dimensions on the order of 50 mm2; such a small sensor size leads to the 
requirement for numerous sensors when monitoring large areas.  Therefore, a need exists 
for an alternative strain gauge that is easily applied and that can be patterned into custom 
shapes and sizes.   
 
Nano-composites consisting of host polymers blended with conductive filler particles like 
carbon nanotubes (CNTs) are an attractive alternative to commercial sensors a d have 
previously been used for strain gauge applications [80, 169].  Host materials are typically 
rigid polymers, such as epoxies, which cannot withstand large strains.  Use of elastom ric 
hosts allows larger strains [117, 151, 170].  Previously, we have demonstrated PDMS blended 
with exfoliated graphite (EG) having high conductivity and low moduli as compliant 





previous work, latex elastomers were used as the host material, producing elastom ric 
composites for sensing applications that are paintable.     
 
In the present work, changes in elastomer/EG composite resistance is investigated for 
strain gauge applications as a function of strain, temperature, and filler particle loading.  
Both mechanical and electrical properties of the composites are characterized.  We show 
that the advantages of these composites include higher GFs (ranging from 2 to 27,000), 
ease of application (by brush painting or spray painting), and ability to produce a range 
wide of desired shapes and sizes.   
 
5.3 Experimental 
5.3.1 Composite formulation 
Nanocomposites were prepared by blending electrically conductive EG particles w th an 
electrically insulating host elastomer.  Acid-washed graphite particles (Asbury Graphite 
Mills, Inc.) were exfoliated using microwave irradiation (Kenmore, P = 1100 W, f = 2.45 
GHz) in an atmosphere of forming gas (97% nitrogen, 3% hydrogen).  Any remaining 
unexfoliated graphite was removed by stirring the irradiated powder into hexane, in 
which the lighter EG particles floated and could be skimmed off.  The filtered EG 
particles were added to fresh hexane (1:120 w/w) and bath-sonicated (Branson 1510, 40 
kHz) for 3 hours to further exfoliate them; during this process they became suspended in 
the solvent.  The hexane was removed by placing the solution on a hotplate at 150 °C 





Liquid suspensions of the strain gauge material were prepared by adding together in a 20 
mL glass vial 0.1 g of EG, 3 g of a solution containing 0.75 wt% Triton® X-100 (Sigma 
Aldrich), and 6 mL of deionized (DI) water.  The surfactant was required to blend the 
hydrophobic EG with the hydrophilic elastomer.  (In our prior work, surfactants were not 
required because PDMS is hydrophobic.)  To neutralize acid remaining in the EG and to 
prevent the elastomer from forming clumps, 0.4 g of NaOH (1 N) was then added to the 
solution.  Finally, 0.4 g Antifoam SE-15 (Sigma Aldrich) was added.  The solution was 
vortex-mixed (Fischer Scientific) at 3000 rpm for 20 sec, followed by bath-sonication for 
1.5 hrs.  Either liquid latex (Environmolds, RD-407 Mask Making Latex) or 
polychloroprene (neoprene) rubber (Critical Coatings, LLC., CC1103F Mask Making 
Neoprene) was then added to the vial to produce latex/EG composites at the desired 
loading.  The solution was vortex mixed for 30 sec prior to use.   
 
5.3.2 Sample fabrication 
Mechanical and electrical characterization were conducted using the latex composites 
with EG loadings of 6, 7, 8, 9, and 10 wt%.  The percolation threshold, or lowest EG 
loading rendering the composites electrically conductive, was 4 w%; however, 4 and 5 
wt% composites were omitted from this investigation because their resistance went above 
40 MΩ when they were strained.  At loadings above 10% the strain sensitivity decreased, 
and above 30% the films became brittle.  
 
Samples for characterization were fabricated by airbrushing (Badger Air-B ush Co., 





average of 5 thin layers of the latex/EG suspension over a glass slide that had been 
cleaned with acetone.  Each layer was dried on a hotplate at 80 °C for 2 minutes befor 
applying the next layer.  Samples were cut into strips 20 mm long and 5 mm wide.  When
removed to be mounted to substrates for measurements and sample fabrications, the 
samples readily peeled off of the glass slides.  Sample thicknesses (average of three 
points across one sample) were 60, 30, 15, 30, and 95 µm for the 6, 7, 8, 9, and 10 wt% 
samples, respectively, determined using mechanical profilometry (Dektak3 ST).  Since 
the airbrushing was done by hand and since the viscosity of the suspension depended on 
loading, the film thicknesses varied.  (The amount of EG in the water/surfactant solution 
was held constant at 0.1g, so suspensions with lower EG loadings had a greater 
concentration of elastomer).  The conductivities ranged from 0.004 S/cm for 6 wt% 
composites to 0.03 S/cm for 10 wt%; these values are similar to those of PDMS/EG 
composites.  (We have made 20 wt% latex/EG composites with conductivities > 12.5 
S/cm by processing 15 g EG with 900 ml of a DI water solution containing 0.75 wt% 
Triton X-100 for 30 min using a horn sonicator (Q-sonica Inc., model #S-4000-001) with 
a 1” probe tip and booster.)  The conductivity σ was determined from the sample 
resistance R and dimensions using σ = L/(Rwt), where L is the sample length, w the 
width, and t the thickness.  Conductive silver epoxy (Chemtronics, CircuitWorks 
CW2400) having a volume resistivity < 0.001 Ohm-cm [171] was used to form contact pads 
for the placement of the multi-meter probe tips.   
 
For stress-strain measurements, the latex/EG samples were peeled off of the glass slide 





No. 16004-424) using a photo-curable adhesive (Loctite 3108).  The other end of the 
sample was similarly attached to a 10 mm x 10 mm x 110 µm piece of a transparency 
sheet (3M, CG3300).  This configuration left a 10 mm long, 5 mm wide section in the 
center of the sample that was free to stretch.  The glass was clamped vertically to allow 
the latex/EG and the transparency to hang downward.  The transparency sheet wa 
attached to the transducer using a silk suture threaded through a small hole at the bottom 
of the transparency and another small hole at the tip of the transducer arm.  Testing wa  
performed at room temperature, approximately 20 °C, unless otherwise stated. 
 
5.3.3 Temperature-resistance measurements 
Samples were prepared by cutting airbrushed latex/EG sheets into 10 mm long and 5 mm 
wide strips.  One end only of each strip was attached to a 75 mm x 50 mm x 1.2 mm glass 
slide using silver epoxy, and the epoxy was cured.  The free ends of the strips were then 
strained manually and fixed to the glass slide using silver epoxy, locking them in place at 
the desired strains.  For each EG loading, seven strips with strains ranging from 0-30 % 
in 5% increments were prepared, as shown in Figure 50.   
 
The temperatures of +50 and -50 °C were achieved using a hotplate oven (Thermolyne 
Co., model 0V-10600) and an ultra-low freezer (So-Low, model CH 43-5), respectively. 
Temperatures of 0 and -20 °C were achieved using a refrigerator/freezer (Kenmore, 
model 183.93972).  To prevent ice formation from the condensation of moisture upon 
inserting the samples from the freezers, a glass slide was placed on top of the samples, 





curing adhesive (Loctite 4108).  (Ice would otherwise form under the samples, causing 
them to bulge and imposing a small additional strain, and the moisture from the 
freeze/thaw cycles would also cause the epoxy to release from the glass substrate.)   
 
Figure 50.  Sample configuration for temperature dependence measurements.    
 
 
5.3.4 Temperature-humidity measurements 
The relationship between humidity and elastomer conductivity was investigated by 
resistance measurements in an atmosphere of controlled relative humidity (RH) at a 
temperature of 22±1 °C.  RH levels (30 ±2%, 50 ±2%, and 70 ±2%) were measured with 
a digital temperature/humidity indicator (Enviracaire, model # E10).  Samples wer  given 
a minimum of 1 hour to equilibrate at each RH.  The RHs were achieved by a bubbling 
compressed air through a beaker of water.  Desired RHs were reached by controlling the 
compressed air flow rate.  
 
Samples were prepared by cutting airbrushed latex/EG sheets into 10 mm long and 5 mm 
wide strips.  One end only of each strip was attached to a 75 mm x 50 mm x 1.2 mm glass 
slide using silver epoxy, and the epoxy was cured.  The free ends of the strips were then 





the desired strains.  For EG loadings of 8 and 10 wt%, strips with strains of 0 and 30% 
were prepared in triplicate for each loading. 
 
5.4 Results and Discussion 
5.4.1 Characterization of latex composites 
Because the resistance of elastomeric/conductive filler composites changes with strain, 
these materials can be used for strain sensing.  For applications such as structural health 
monitoring, these sensing elements may be exposed to a wide range of temperatures, and 
little information on the temperature sensitivity has been published.  For applications in 
robotics, high sensitivity may be required, and for smart textiles or small autonomous 
vehicles, compliance may be critical.  To determine the suitability of the elastomer/EG 
composites for various applications, their stiffness at strains up to 30% (tangent modulus) 
and sensitivity (gauge factor) were determined as functions of EG loading in latex. (The 
Young’s modulus is the slope of the stress-strain curve in the range of strain for which 
Hook’s law is valid, and represents the elastomer stiffness.  For larger strains, Hook’s law 
is no longer valid, as evidenced by a nonlinear stress-strain curve, and the slope ofthe 
stress-strain curve at a particular strain is defined as the tangent modulus.)  Also, 
resistance was measured at temperatures between -50 °C to +50 °C at strains between 0 






5.4.2 Young’s modulus as a function of EG loading 
If the strain sensor has a low stiffness, it will not interfere with the deformations being 
monitored.  This can be useful when making measurements on thin films and structures, 
such as the wings of micro-air vehicles.  Dynamic stress-strain measurements were 
conducted using a force/strain transducer (Aurora Scientific Inc., model 3000LR) to 
apply strains of up to 30% at a rate of 0.01 mm/s, and to measure the resulting forces, 
which were converted to stress based on the sample dimensions and the strain.  Tangent 
moduli were obtained from the slopes of the stress-strain curves at 5% strain by fitti g a 
line to the data between 4% and 6% strain and calculating the slope.     
 
The tangent moduli of latex/EG composites are plotted in Figure 51a as a function of EG 
loading.  As predicted by the Guth [140] equation (see below) the composite stiffness 
increased with EG loading.  The moduli increased from 2 MPa for the 6 wt% samples up 
to 5 MPa for the 10 wt% samples.  Despite the increase in stiffness, the moduli remained 
low in all cases, so the elastomeric properties of the host were maintained.  A typical 
stress-strain curve for unloaded latex is compared to those for 6 and 10 wt% latex/EG 






Figure 51.  a) Young’s moduli of latex/EG as a function of EG loading.  Each point 
represents an average of two samples, and the standard deviations are indicated.  
The dashed line shows the Guth model.  b) Young’s moduli as a function of strain 
(dashed lines are linear guides for the eye).  c) Stress-strain curves for latex and for 




The well known Guth [140] equation relates composite stiffness to filler particle aspect 
ratio and loading: 
Eq. 17  E  =  E0(1 + 0.67fc + 1.62f
2c2),  
where E is the modulus of the composite, E0 is the modulus of the unloaded elastomer, f 
is the filler particle aspect ratio (diameter/thickness), and c is the filler concentration 
(vol%).  Values from the Guth [140] equation Eq. 17 are represented by the dashed line in 
Figure 51a.  The best fit (smallest least squares error) between experimental and 
calculated values was obtained using an EG aspect ratio of 65, which is within the ra ge 
of 20 [172] to 300 [173] reported for EG, and assuming densities of 2.2 [174] and 0.94 g/cm3 





thickness were determined from SEM images.  Because the diameter and thickness of th  
particles could not both be obtained for the same particle, the EG particle aspect ratio was 
calculated as the ratio of the particle diameter to the particle thickness, using a particle 
diameter of 2.9 µm ± 3.5 µm (average of 58 particles) and thickness of 46.7 nm ± 78.5 
nm (average of 12 particles).   
 
The stress-strain curves of elastomers are nonlinear [101].  Figure 51b plots the tangent 
moduli of the composites at increasing strains.  Whereas the modulus of unloaded latex 
increased from 0.3 MPa at 5% strain to 0.6 MPa at 30% strain (strain hardening), the 
modulus of the composites instead dropped.  Decreasing stiffness with strain has been 
observed previously in similar composite systems [176].    
 







5.4.3 Resistance as a function of strain 
In some applications it may be beneficial having sensors capable of measuring small 
displacements (≤ 2%) with a high resolution (≥ 0.0001 %), such as the daily thermal 
expansions and contractions of a bridge deck.  In other applications it may be beneficial 
to measure large displacements (≥ 2%) with lower resolution (≥ 0.1%), such as roadway 
crack propagation over time.  The sensitivity is characterized by the gaugefactor, GF 
[177]: 
Eq. 18  GF = (∆R/R0)/ε,  
where ∆R is the change in resistance, R0 is the initial resistance, and ε  is the strain.  The 
force/strain transducer was used to apply strains up to 30% at a rate of 0.01 mm/s while 
the resistance was measured with the two-point probe technique (Craftsman Professional 
digital multi-meter model no. 82324, 1 Hz sampling rate).   
 
The ∆R/R0 of 6, 8 and 10 wt% latex/EG composites are plotted as a function of strain in 
Figure 53.  The ∆R/R0 increased with strain, as determined by least squares fitting.  At 
30% strain, the GFs were 1040, 570, and 160 for the 6, 8, and 10 wt% samples, 






Figure 53.  Gauge factor as a function of strain for latex/EG composites with three 
EG loadings strained at a rate of 0.1 mm/s.      
 
 
The increase in resistance with strain is expected based on percolation theory [17, 18].  
Insulating host/conductive filler composites become conductive when the filler 
concentration reaches the percolation threshold, at which conductive pathways are 
formed through the composite.  Thereafter, the conductivity increases exponentially with 
increasing filler particle concentration until it begins to saturate [178]. Under strain, the 
distance between filler particles increases [179, 180] and conductive pathways are lost, 
resulting in an exponential decrease in the conductivity (or exponential increase in 
resistivity, similar to the data in Figure 53).   
 
At strains below 15%, the 8 wt% samples exhibited an apparently anomalously higher GF 
than the other loadings:  the GF at 1% strain for the 6, 8, and 10 wt% samples were 0.8, 





Therefore, they are sample-specific numbers, not material properties, and higher GFs are 
obtained for smaller cross-sectional areas or greater lengths.  (The anomalously high 
values at low strain for the 8 wt% composites are currently under investigation.)  Thus, 
one 10 wt% sample, having an initial resistance of 24 kΩ, was strained to 105% and 
allowed to equilibrate for 10 min, after which its resistance was 680 MΩ, an increase of 
28,000.  (This corresponds to a gauge factor of 27,000 using Eq. 0, to our knowledge the 
highest ever reported, although it must be borne in mind that GFs are geometry-
dependent.)     
 
Many sensor applications are cyclic, such as those found on robotic end effectors, and 
require repeatable feedback with little deviation from cycle to cycle.  Figure 54a plots the 
resistance as a function of time for a 6 wt% latex/EG composite subjected to 5 strain 
cycles from 0 to 5% at a strain rate of 0.01 mm/s.  (Switching the transducer diretion 
from the forward cycle to the reverse cycle was performed by hand, and therefore th  
cycle durations are not exactly 45 sec.)   One sample at each loading was tested for this 
experiment, and the results for the 6 wt% loading are presented; results for the other 
samples were similar.  The baseline resistance at 0% strain was 0.39 MΩ and was 
consistent throughout the test.  When the sample was strained to 5%, the peak resistance 
was higher for the first (1.14 MΩ) and second (0.94 MΩ) cycles, after which it remained 
stable at 0.85 MΩ.  The nonlinear, asymmetric resistance data are attributed to the 
composite hysteresis observed in Figure 51.  The GF of this particular sample was 23.  
This repeatability of the resistance response is sufficient for many strain gauge 






Figure 54.  a) Resistance (solid line) vs. time for a 6 wt% latex/EG composite cycled 
5 times b) from 0 to 5% strain (triangle wave).   
 
 
5.4.4 Resistance as a function of temperature  
Environmental effects on new strain gauge materials are often unreported.  Th  resistance 
of the latex/EG composites was measured at temperatures of -50, -20, 0, +20, and +50 ˚C 
via the two-point probe technique (digital multi-meter Tektronix DMM 4050).  Samples 
were allowed to equilibrate at each temperature for ten minutes before measurements 
were taken, and a minimum of three samples at each loading and strain (see section 5.3.3) 
were tested.  Above 20% strain, the resistance of the most lightly loaded 6 wt% 
composites, which had the greatest strain sensitivity, exceeded 1.2 GΩ and could no 






Figure 55.  Resistivity vs. temperature for latex/EG composites at increasing strains.  
Each point represents the average of 3 samples.  EG loadings were 6 wt% (circles), 7 
wt% (squares), 8 wt% (diamonds), 9 wt% (triangles-up), and 10 wt% (triangles-
down).   
 
 
The resistivity of the composites decreased somewhat with temperature, by at most a 
factor of 2 over the 100°C range.  There was a jump from the 6 wt% sample, which 
decreased by a factor of -5.5 * 10-3/°C, to the higher loadings, which decreased by 
smaller factors, between -1 * 10-3/°C and -2 * 10-3/°C.   Although the magnitude of the 
decrease in resistance with temperature is of the same order as for metallic foil strain 
sensors [1], the resistance of the foil sensors typically increases with temperature [182-184].  
While rare, decreasing resistance with temperature has been reported in resin, cement, 






5.4.5 Resistance as a function of humidity  
Understanding how humidity affects the strain gauge conductivity is important because 
these sensors must function in changing environmental conditions.  The resistance of the 
latex/EG composites was measured at humidities of 30%, 50%, and 70% via the two-
point probe technique (digital multi-meter Tektronix DMM 4050).  The resistances of the
composites were normalized to their values at 30% RH (166 kΩ for 8 wt% at 0% strain, 
425 kΩ for 8 wt% at 5% strain, 23 kΩ for 10 wt% at 0% strain, 34 kΩ for 10 wt% at 5% 








Figure 56.  Normalized resistance as a function of relative humidity for a) 8 wt% 
latex/EG composites at 0% strain, b) 8 wt% latex/EG composites at 5% strain, c) 10 
wt% latex/EG composites at 0% strain, and d) 10 wt% latex/EG composites at 5% 




The resistance of the composites increased 10% - 20% with humidity.  This increase has 
been observed in other polymer composites [187-189], but the mechanism for it is still not 
fully understood.  The sensitivity of the composites was unaffected, but accurate 






5.5 Applications of the composites as sensors 
5.5.1 Tactile sensor application 
For prosthetics and robot grippers, tactile sensors can provide feedback on when contact 
has been made, as well as on the gripping force.  To determine the effectiveness of th  
composites as tactile sensors, meandering traces were patterned onto the fi gertips of a 
nitrile glove, shown in Figure 57.  A 20 wt% neoprene solution was airbrushed in a single 
layer onto the glove through a masking tape stencil, which was removed after 
airbrushing, to produce the serpentine geometry.  The thickness of the sensor was 
approximately 30 ±10 µm measured by profilometry (Dektak3 ST).  Neoprene was 
chosen as the host elastomer instead of latex because it is tougher and has good resistance 
to wear.  Silver epoxy was used to form electrical connections.  Before the epoxy cured, 
200 mm long strips of fine stainless steel wire (43 gauge, California fine Wre Co.) were 
pressed into the epoxy.  After curing the epoxy for 24 hrs at room temperature, the fre 
ends of the wire leads were connected to a multi-meter (Craftsman Professional digital 
multi-meter model no. 82324) using alligator clips.  Electrical tape was used to s cure the 
wire leads to the back of the glove, preventing them from being torn out of the silver 
epoxy during testing.  The fabrication process took approximately 10 minutes for each 
sensor, excluding drying times (samples were cured overnight at room temperature before 






Figure 57.  Image of a 20 wt% neoprene/EG tactile sensor patterned via airbrushing 
onto a nitrile glove.    
 
 
Upon gripping an object with the glove, the sensor resistance increased as shown in 
Figure 58a-b.  While it might be assumed that the pressure would reduce the intrparticle 
separation in the out-of-plane direction and produce a decrease in the resistivity, the 
material instead behaved in the same way as when it was stretched.  One can sp culate 
that this is because a compression out of plane results in an inplane expansion, raising the 
inplane resistance, which was the direction in which it was measured.  Increasig 
resistance with pressure has been observed for composites with carbon filler particles [190, 






Figure 58.  Neoprene/EG tactile glove sensor.  a) Resistance at rest.  b) Resistance 
when gripping an object.  c) Normalized resistance ∆R/R0 vs. time under applied 
forces.    
 
 
With the glove lying flat on the benchtop, forces of 0.125, 0.5, and 1.5 N were applied for 
one second by placing weights on the sensor areas; the time between applying the 
weights was 12 sec.  Changes in resistance were measured via the two point probe 
technique (Craftsman Professional digital multi-meter model 82324; 1 Hz data collection 
rate).  The normalized resistance ∆R/R0 is plotted in Figure 58c.  The normalized 
resistance increased with load, but nonlinearly; only qualitative feedback on the force 
was obtained.  The peak resistance for the first cycle was higher than in subsequent t sts, 
similar to the cyclic strain data in Figure 54 and not unexpected for an elastomer.  This 
experiment was simply for proof of concept purposes, and further investigation is 
required to fully characterize the composite sensors for this particular application, 
including optimization of the composite formulation and the application method in order 





These results demonstrate that the composites can be used to determine contact with an 
object.  The simplicity and ease of fabrication of these sensors is attractive, particularly 
for prototyping robots with tactile feedback.   
 
5.5.2 Structural health monitoring application 
As mentioned above, one application for paintable strain gauges is non-destructive 
health-monitoring of large structures.  To ascertain whether the elastomer/EG composites 
would be appropriate for this, a single coat of an 8 wt% latex/EG composite was brush 
painted into a 1.22 m long x 12.7 mm wide rectangular pattern on the top surface of a 
½ scale (9.385 m long, 0.425 m wide, 0.349 m high, Michigan Bridge Design Guide 
6.65.10) reinforced concrete bridge beam at Lawrence Technological University in 
Southfield, MI (Figure 59) to monitor deformations in the plane of the beam.  The 
composite was applied in10 minutes and dried for 60 minutes, with an estimated cost of 
materials of $0.01 (~$0.08/ft2, single coat, brush painted).  One of the advantages of the 
composite is that it can be painted over corners, cracks, joints, and rolled edges (Figure 
60).  The composite solution was painted over 20 mm long, 5 mm wide strips of 
aluminum tape (Nashua, 324A) that were attached to the bridge beam at the ends of the 
sensor area.  Electrical connections were made by attaching wire leads to the exposed 












Figure 60.  a) Latex/EG strain gauge painted on a concrete structure over b) a series 
of cracks, and c) a rolled edge.     
 
 
Commercial metal foil strain gauges were mounted at multiple locations on the beam by 
first grinding the concrete smooth, applying the sensors to the surface with epoxy, curing 





3 hrs per sensor.  For comparison, data were collected from a foil sensor (Vishay 
Intertechnology, Inc.) located on the other side of the ram, 0.26 m from the latex/EG 
sensor. 
 
The box beam was strained to failure using a hydraulic ram (Figure 59) at various strain 
rates (Table 7).  Changes in the resistance of the latex/EG were measured with a digital 
multi-meter (Tektronix DMM 4050) and LabView Signal Express software.  Strain was 
calculated with Eq. 18 using a GF of 13, found by comparing the data with that from the 
commercial strain gauge.   
Table 7.  Bridge beam deformation rate and duration. 
Time (sec) 0 - 30 30 - 105 105 - 272 272 - 875 875 - 1475 




Figure 61 shows the load applied to the beam measured using a high capacity force 
transducer (MTS, model 661. 31B-01), the strain measured with a commercial strain 
gauge, and the resistance measured from the latex/EG sensor.  The bridge beam b gan to 
crack after 1000 µ-strain and started to break apart after 1250 µ-strain.  At approximately 
900 sec, the commercial force transducer and strain gauge exhibited a reduction in load 
and sudden increase in strain from 1250 to 2250 µ-strain, likely due to crack formation as 
the bridge began to crumble.  Cracking of the beam resulted in the sudden decrease in the 
applied load; therefore, the applied load does not necessarily correspond to the local 
strains that were measured.  Several of the commercial strain gauges filed prematurely 





composite sensor was that it continued to function and provide useful information despite 
the formation of cracks beneath the sensor area, as determined by visual inspectio , 
whereas the commercial gauges were prone to detach.  
 
Figure 61.  a) Load applied by the hydraulic ram.  b) Strain measured with a 
commercial strain gauge and the 8 wt% latex/EG strain gauge applied to a ½ scale 
concrete composite bridge beam strained to failure.    
 
 
The resistance of the latex/EG sensor is compared to the strain recorded by th  
commercial strain gauge in Figure 61.  The two gave nearly identical results up to ~ 1000 
µ-strain, at which the bridge beam began to crack and deteriorate.  The composite strain 
gauge had, however, the benefits of reduced preparation time, lower cost, and application 
on non-flat surfaces.  The resistance of the latex/EG sensor changed 15 seconds after the 





sensitivity, it is possible that a composite sensor could even be used to monitor pedestrian 
traffic across similar structures. 
 
5.6 Conclusions 
A composite material comprising exfoliated graphite in latex or neoprene rubb rs has 
been characterized and demonstrated as a strain gauge.  These composites can be applied 
to surfaces via brushing or airbrushing, and so can cover large or small areas.  Patterns 
can be produced using stencils to generate the desired shape.  By varying the EG loading,
sample thickness, and sample geometry, the sensitivity and stiffness can be tailored (with 
GFs up to 27,000).  The versatility of the composites allows the same base materials to be 
used for a wide range of strain measurement applications.   
 
The sensing materials were demonstrated in tactile sensors and for structural monitoring.  
Neoprene/EG tactile sensors were capable of determining when contact was made, and 
the latex/EG bridge sensors provided the same quality of data as commercial sensors long 
after the commercial sensors had come off due to the formation of cracks. The speed and 
ease of application, the conformability, and the unrestricted geometries of these sensors 
are advantageous.  Furthermore, the composite sensors exhibited little dependence o  
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5.8 Chapter 5 Appendix 
5.8.1 Electron tunneling and activation energy of latex/EG composites 
Graphite is a zero band gap semiconductor with an intrinsic NTC [153].  An energy barrier, 
or activation energy, is created when electrons traverse from one conductive particl
(EG), through an insulator (latex), to another conductive particle [185, 192, 193].  If the 
available thermal energy is higher than the activation energy then composites fabricated 
with graphite may exhibit increasing electrical conductivity with increasing temperature 
(e.g. an NTC).  To determine if the conduction mechanism in the latex/EG composites is 
a thermally activated process, and to gain insight into the observed NTC, conductivity 
was expressed using the Arrhenius equation [185, 192, 193]: 
Eq. 19  σ = σo exp(−Ea / kBT), 
where σ is the DC conductivity, σo is a material constant depending on the mobility of 
charge carriers, kB is Boltzmann constant, T is absolute temperature, and Ea is the 
activation energy.  The material constant σo is the σ as T → ∞ and was determined as the 






Figure 62.  The natural logarithm of conductivity as a function of inverse absolute 
temperature for latex/EG composites with EG loadings of 6 (circles), 7 (squares), 8 




The calculated activation energies (using Eq. 19 and the values of σo obtained from 
Figure 62) for the latex/EG composites are shown in Figure 63.  The Activation energies 
for each composite loading were independent of temperature, as represented by the 
standard deviations, and dependent on EG loading.  6 wt% composites exhibited higher 
activation energies (0.046 eV), compared to 7 - 10 wt% composites, and is believed to be 
due to the composite microstructure.  Activation energies are a reflection of composite 
microstructures and are a function of both particle size and interparticle separation [193, 
194].  It is also understood by percolation modeling that, near the percolation threshold, 
particles begin to form conductive pathways by a reduction in particle-particle separation 
distance as a result of the increasing filler particle concentration.  The increased 





separation distances at lower EG loadings, and hence larger energy barriers fo  electron 
transport.  The calculated activation energies for the latex/EG composites are similar to 
those reported in the literature for other NTC composites, such as for carbon fiber/epoxy 
(0.0015 - 0.018 eV) [185] and for carbon fibers in latex (0.018 eV) [186] 
 
Figure 63.  Activation energy of latex/EG composites as a function of EG loading.      
 
 
From the above analysis, it was concluded that the conduction mechanism for latex/EG 
composites with EG loadings ≥ 7 wt% were indeed thermally activated processes; 
however, the calculated activation energy for 6 wt% composites (0.046 eV) was higher 
than the calculated thermal energy in the -50 to +50 °C range (0.019 - 0.027 eV) 
indicating that the conduction mechanism for this loading is due, at least in part, to some 
other non-thermally activated process.  Further analysis is required to fully understand 





Chapter 6: Concluding remarks and suggestions for future work 
 
6.1 Concluding remarks 
New elastomer composites have been fabricated, characterized, and implemented as 
mechanical sensors and polymer actuators.  The composites were comprised a relatively 
unexplored filler particle, exfoliated graphite, blended with one of several host 
elastomers.  Processing of the particles was improved, resulting in higherdegr es of 
exfoliation and reduced processing time.  The improved processing conditions provided 
the fabrication of composites with lower percolation thresholds and higher conductivities. 
The objective of maintaining the mechanical properties of the host elastomers whil  
rendering the composite electrically conductive was accomplished.  
 
6.2 Future work 
Despite the best efforts of many researchers over the past decade, DEAs are still limited 
by the mechanical and electrical properties of the elastomer dielectrics and compliant 
electrodes being used, particularly the low dielectric constants.  Low dielectric constants 
result in high voltages (10kV +) required for actuation.  Such high voltages restrict the 
number of possible applications.  For DEAs to reach their full potential and become 
widely used in consumer products, new elastomers and/or elastomer composites are 
required that increase the dielectric constant without greatly increasing the associated 
loss.  Composites with metallic filler particles with insulating coatings are one potential 





elastomeric hosts, minimizing dielectric loss, and increasing the dielectr c constant of the 
composites.  It is also important that the resistance of the composite remains high to 
reduce current leakage through the dielectric and to minimize power consumption.  
Future work should also focus on providing a physical explanation for the critical 
exponent in percolation modeling of conductive composites.  
 
The mechanical properties of the elastomer dielectrics are another issue requiring further 
research to ensure the continued use of DEAs.  DEA elastomers should ideally exhibit 
little creep strain when pre-stressed, actuate at high frequencies, be able to be processed 
in to various shapes and sized, and have high efficiency.  Synthesis of new elastomers, 
engineered for DEA applications are one possible solution.  Another possible solution is 
to explore bio-polymers, such as resilin.  Resilin is the elastomeric protein f und in insect 
cuticle and is gives insects like fleas the ability to jump many times their body length and 
cicadas the ability to generate loud noises used for attracting mates.  Resilin is the most 
energy efficient polymer known to man; over 98% of elastic strain energy is returned 
from cycle to cycle, losing less than 2% to heat [195].  
 
Sensors have and will continue to benefit from the development of new composite 
materials.  Current limitations such as lengthy installation times and small monitoring 
areas can be alleviated using composites that can be painted onto surfaces.  Future work 
should explore new materials, such as graphene and carbon nanotubes, and take 
advantage of their unique properties for the development of advanced sensors.  





the mechanisms for increasing resistance with increasing humidity, and ii) the 
mechanisms for electron tunneling and additional thermally activated processes 







Chapter 7: Intellectual contributions 
 
There were a number of intellectual contributions made during the completion of this 
dissertation. 
 
1) Improved the degree of exfoliation, resulting in elastomer composites with higher 
conductivity, lower percolation thresholds, and improved mechanical properties. 
• Replacing bath sonication with horn sonication increased the degree of 
exfoliation, decreased sonication time from 9 hours down to 20 minutes, 
increased the processing volume from 20 ml to 300 ml, and increased the 
composite conductivities from 0.5 S/cm to 12.5 S/cm.  Improved exfoliation 
resulted in lower percolation thresholds and higher conductivities.   
• Compared three methods of exfoliation:  chemical, thermal, and microwave 
irradiation.  Developed a one-step microwave procedure that was safer and less 
complicated than published methods.  Optimization of this protocol reduced the 
processing time down to 60 sec, compared to 20 min for thermal exfoliation and 2 
weeks for chemical exfoliation.   
 
2) Developed new methods of fabrication for improving elastomer composite properties. 
• Tailored selection of solvents and surfactants and optimized their concentrations 
based on particular host/particle combinations.  This allowed immiscible mixtures 





• Introduced shear mixing to blend the EG into the elastomeric precursor.  This was 
required to prevent airbrushes from clogging due to partial curing of the elastomer 
precursors caused by the heat generated during bath sonication. 
• Added a desiccation step to the fabrication protocol to removed trapped air in the 
uncured composites and increase conductivity.  
 
3) Developed new methods of fabricating multi-layer DEAs with compliant electrodes. 
• Optimized composite solution viscosity to improve layer thickness, cure time, and 
surface roughness and to allow layered structures to be fabricated. 
• Developed spin coating methods that preventing the liquid composites from 
penetrating under the stencils and preventing wrinkling due to the solvents 
swelling underlying cured layers. 
• Identified compatible organic solvents and optimized concentrations to allow EG 
to be mixed into elastomers without phase separation upon curing.  
• Optimized the size and shape of DEA electrode stencils to prevent sparking 
between electrodes when actuated. 
 
4) Developed paintable composites. 
• In order to air brush composite solutions without clogging the nozzle, the pH of 
the uncured composites was adjusted using sodium hydroxide to prevent 







5) Demonstrated real world applications of the new materials. 
• Produced compliant electrodes with high conductivities (12.5 S/cm) and the 
lowest modulus ever reported for conductive filler composites (1.4 MPa).  
• Fabricated and characterized DEAs with patterned compliant electrodes. 
• Created tactile sensors for robotic and prosthetic applications. 
• Developed paintable strain gauges for structural health monitoring having 
performance equal to those of commercial gauges while having the additional 
benefits of providing data even after the structure began cracking, larger 
monitoring areas, and reduced installation time.  Developed a strain gauge with 
the highest gauge factor ever reported (27,000). 
• Implemented strain gauges for structural health monitoring.  
 
6) For the first time, detailed comparisons were conducted on the actuation performance 
of three elastomers for DEAs, including strain, stress, and speed. 
 
7) For the first time, measured changes in material properties for paintable composite 
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